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ABSTRACT
The LSU process fo r  producing microbial protein was developed 
fo r the degradation o f washed, a lk a li treated  sugar cane bagasse by a 
bacterium of the genus Cellulomonas (ATCC 21399).
This study e n ta ils  several p a rts : evaluation of three types o f  
washed alkali treated  ce llu lo s ic  m aterial against bagasse, physical 
pretreatment of bagasse, growth o f Cellulomonas to  high ce ll densities 
on glucose in a pH co n tro lle r  coupled fed batch, sem i-aseptic growth of 
Cellulomonas in successive batch cu ltu re s , mass tran sfe r coeffic ien ts in 
high density cellu lose s lu r r ie s ,  p ilo t  scale production of Cellulomonas 
and product recovery.
Four ce llu lo sic  su b s tra te s , bagasse, bagasse p ith , wood pulp and 
cotton 1in te rs , alkali trea ted  a t  the same le v e l, showed the same growth 
response with Cellulomonas. They gave an exponential ra te  with a five 
to seven hour mass doubling time up to 5 to 7 grams of ce lls  per l i t e r ,  
then the ra te  decreased to  a lin e a r  ra te  of 0.25 to  0.4 grams per l i t e r  
per hour.
Bagasse p ith , a waste m aterial from paper making, is  good 
substrate for Cellulomonas when a lk a li trea ted  a t  0.05 grams of NaOH per 
gram of p ith . Forty percent of the untreated p ith  is  consumed by 
Cellulomonas compared to  15% of the whole bagasse. About 15% more p ith  
than whole bagasse is  so lub ilized  a t  0.1 grams of NaOH per gram of p ith  
and 25% more of the washed a lk a li trea ted  pith  than whole bagasse is  
u tilize d  by Cellulomonas.
Physically p re trea ting  bagasse by beating in a Valley beater 
produces no improvement over untreated bagasse unless coupled with a
chemical d e lig n ifica tio n . Combined chemical and physical pretreatment 
may s lig h tly  improve the growth, but the consistency of the beaten 
material adversely a ffec ts  mixing.
Cellulomonas doubles on glucose about every three hours up to 
5 to 7 grams o f c e lls  per l i t e r ,  the same point where the ra te  on 
cellu lose decreases, and also decreases to a lin ear ra te , but the lin ea r 
ra te  on glucose is  h igher, 0.6 to  1.0 grams per l i t e r  per hour compared 
to 0.25 to  0.4 grams per l i t e r  per hour on ce llu lo sic  m aterial.
Exponential n u tr ien t and soluble substra te addition, accomplished 
by coupling n u trien t addition to base addition , can be used to produce 
high cell d en s itie s , 35 grams of c e lls  per l i t e r .  Despite having 
nutrien ts and soluble substra te  ava ilab le , the growth ra te  decreased 
from exponential to  lin e a r  a t  about 7 grams of ce lls  per l i t e r .
Cellulomonas can be grown on a semi-continuous basis where the 
in i t ia l  s ta rtup  is  asep tic  and subsequent reloading of the fermentor is  
done without s te r i l iz a t io n .  I t  is  necessary to reta in  su ffic ie n t cu lture 
for the non-aseptic addition to give the culture an in i t ia l  concentration 
of a t le a s t 1 gram per l i t e r .  Both bench and p ilo t scale equipment were 
operated in th is  manner. P roductiv ities of up to 0.53 grams per l i t e r  
per hour were a tta ined  in 350 l i t e r  p ilo t  scale vessels on cellu lose a t 
the Oak Ridge National Labs and the process can be operated 
semi-continuously to  substra te  exhaustion to f a c i l i ta te  product recovery.
Aseptic conditions are required when batch cultures are begun a t 
low cell concentrations.
Cultures of Cellulomonas on ce llu lo s ic  material were grown to 
12 grams of c e lls  per l i t e r  in an a i r  l i f t  fermentor a t the same ra te  
as is  obtained in the turbine agitated  vessel. The a ir  l i f t  fermentor
used in th is  work can keep 30 grams o f a lkali treated wood pulp 
suspended a t  a d ra f t tube superfic ia l velocity  of 4 fee t per minute.
Product recovery by one pass through a desludging centrifuge 
yielded a 90% mass recovery and a 70% volume reduction from a feed with 
15 grams o f  c e lls  per l i t e r .
The power required to aerate cellu lbse suspensions was found to  
increase sharply with cellu lose concentrations above 30 grams per l i t e r .
CHAPTER I
INTRODUCTION
Introduction
The most ancient and basic concern of mankind, sa tis fy in g  the 
n u tritio n a l requirements which sustain  l i f e ,  i s  exceedingly d if f ic u lt  
in  many parts of the world. This research is  part of an ongoing attempt 
a t  LSU to  develop a process which uses heretofore discarded ce llu lo sic  
waste m aterials to  supply pro tein , which is  the  most common dietary  
deficiency.
This d isse rta tio n  deals with improvements on the ex isting  LSU 
process and investigation of some parameters which are involved in 
sca ling  up the process.
Magnitude of the Food Shortage
Of a world population of 3.5 b ill io n  people, about h a lf  a 
b ill io n  people su ffe r  from undernourishment, low ca lo ric  in take; and 
1.5 b illio n  from malnourishment, d ie t d e fic ien t in p ro te in , f a t ,  
minerals or vitamins (1). Throughout h isto ry  ag ricu ltu ra l sources of 
food have been the source of cereal grains fo r  man's consumption and 
grains and forages fo r food animals. H is to ric a lly , food production has 
been increased by increasing the area under c u ltiv a tio n . In the past 
quarte r century, the industria lized  nations have increased y ie lds from 
improved water management and new f e r t i l i z e r  technology. The effec ts 
of these increases have ju s t become evident in  some of the developing 
nations where a l l  of t ta  cu ltiv a tib le  lands were in  use (2).
1
2There are many constra in ts on y ie ld  improvement in developing 
countries: short water supplies; lack of raw m aterials fo r f e r t i l iz e r  
manufacturing; lack of trained  ag ricu ltu ral manpower; d if f ic u lt ie s  in 
disseminating th is  knowhow from economic, managerial and technical 
standpoints; and cu ltural tra d itio n  of the c itizen ry  not to  accept new 
ideas (2). These ag ricu ltu ral constra in ts coupled with a continuing 
growth of global population and the emergence of affluence in some 
heretofore prim itive cu ltures have placed a g reat demand on the world's 
food resources, which are already in su ff ic ie n t (3).
Microor ganisms
Microorganisms are a large diverse group of free-liv in g  forms 
tha t ex ist as single c e lls  or c lu ste rs  (4). Organisms are c lassified  
by the manner in which they carry out the complex biochemical processes 
of growth, respiration  and reproduction.
In th e ir  efficiency  of carrying on absorption of organic and 
inorganic compounds and conversion of them to  ce ll mass and chemical 
end products, microorganisms are qu ite  powerful tools when employed by 
man.
In th is  research, a bacterium of the genus Cellulomonas is  
employed to convert ce llu lose to c e llu la r  material which contains 
protein and is  proposed to  supplement the d ie ts  of higher animals.
Bacte r ia l  Nutrition
The nu tritional needs o f microorganisms are diverse because of 
inherent differences in the a b i l i ty  to synthesize essen tial ce llu la r 
m aterial. Six c la ss ific a tio n s  of essen tia l nutrien ts are generally 
accepted (5).
31) Energy Source - This can come from the sun or oxidizable 
organic or inorganic comoounds.
2) Source of Carbon - This can be e ith e r  from fixation  of 
carbon dioxide or incorporation Pf more complex carbon 
compounds.
3) Source o f Nitrogen -  This can come from n i t r a te ,  ammonia, 
urea, amino ac ids, gaseous molecular nitrogen or other 
sources.
4) Minerals - Microorganisms require many types of minerals in 
trace amounts. Some of these can be determined and added to 
the medium. Others are required in such small amounts that 
they e x is t as im purities in other m aterials. Metals like 
potassium, magnesium, cobalt, z inc, calcium, copper, iron, 
e tc . ,  are known to be required as enzyme activators or other 
necessary functions.
Minerals like  su lfu r  and phosphorous are needed in larger 
quantities fo r synthesis of ce llu la r  material lik e  amino 
acids, nucleic ac id s, coenzymes, ATP, e tc .
Oxygen might also be l is te d  with th is  group as i t  is  used 
in the synthesis of some ce llu la r  material as well as the 
final e lectron  acceptor in aerobic organisms.
5) Accessory Food Factors -  Many microorganisms, lik e  animals, 
are exacting in  th e ir  n u tritiona l requirements, because they 
are unable to synthesize certain  amino acids, nucleic acids, 
precursors of enzymes and coenzymes, e tc . These factors 
must be supplied to the organism.
6) Water
4These are general requirements and vary even from s tra in  to 
s tra in  of the same species.
Microbial Grcarth in_ Batch Systems^
If one begins with a concentration of c e lls ,  x^, a f te r  one 
generation time, g, one would have a concentration of 2x^.
t  is  time
x is  ce ll concentration (gram s/liter) 
n is  generation time or mass doubling time 
n is  number of generation
If one takes the logarithm of both sides, then
l n x = n l n 2 + l n x g  
t  = ng 
n = t /g
In x = (In 2 /g )t  + In x  ^
In x = (0 .693/g)t  + In x^
Plotting In x vs. t ,  the theore tica l growth curve would look lik e  
Figure 1-1, while an actual growth curve would look like  Figure 1-2.
n = 0 t  = 0
n = 3
n = 2
n = 1 t  = g
t  = 2o
t  = 3cj
x = 2Xg = 2*Xp 
x  =  =  2 2 x 0
x ~ 8Xp = 2 xn
n = n t  = ng
x = 2 %
5x
time
An actual growth curve has four phases.
x
time
61) Lag Phase - Lags are caused from taking innoculum from old 
s lan ts  which are in the s ta tio n ary  phase or the death nhase 
or from transferring  to a chemically d iffe ren t medium.
2) Log or Exponential Phase - This is  the portion of the growth 
curve which obeys the theory previously described.
x = 2 \ n
3) Stationary Phase - Some environmental fac to r becomes 
lim iting  and.the c e lls  cease to  divide. They s t i l l  have the 
a b ili ty  to divide i f  the lim ita tio n  is  removed. This 
lim ita tion  could be running out of a nu trien t lik e  carbon, 
nitrogen or phosphorous or building un some inh ib iting  
substance 1n the medium; fo r example, something which raises 
or lowers the pH.
4) Death Phase - At th is  po in t, the c e lls  begin to lose the 
a b ili ty  to divide and may begin to  lyse.
Growth Rate of Microorganisms
In 1939 Tessier (6) proposed to model microbial growth as an 
exponential function of the lim iting  n u trien t concentration, C.
1 - exp (-C/K) 
m s  the specific  growth ra te
ii is  the maximum sp ec ific  growth ra te  when nu trien ts ^  max
are not lim iting .
Since th a t time many models fo r  microbial growth have been 
proposed. Of these, the most famous and the most widely used is  tha t
7of Jacques Monod (7) which was expanded by Herbert, Elsworth and 
Telling (8). The theory is  based on two assumptions.
1) Microorganisms grow in an exponential manner with a 
maximum sp ec ific  growth rate /tfm un til the ra te  of cell 
division 1s lim ited by some environmental condition giving 
a specific  growth ra te
d x  =  11 Xat *'*
i
x is  the concentration of organisms
2) The specific  growth ra te  ( j j ) of any given microbial cu lture 
is  proportional to  the lim iting  nu trien t concentration (C) 
but approaches a maximum value, jLimax» when the nutrient 
concentration is  no longer lim iting . To th is  Monod adapted 
a hyperbolic equation.
" = (epnr>
is  defined as the lim iting  nu trien t concentration
a t /i=  l / 2 j l max
O riginally , Monod's theory was applied to  systems which were 
lim ited by the carbon-energy source. I t  has been shown, however, th a t 
i t  applies when any essen tia l n u trien t is  lim iting  (9).
Monod's equation 1s empirical and has several shortcomings.
For example, i t  only pred ic ts two phases of the growth curve, the 
exponential phase and the sta tio n ary  phase. A seemingly in f in ite  
number of k inetic models have been proposed ranging in complexity up to 
the open volume cell models begun by Perret (10), which apply
8stoichiometry and thermodynamics to th is  system. Due to  the extreme 
complexity of the system and th is  type of model, most people have 
continued to  use the simpler empirical models.
One o ther model, which Includes a seemingly important parameter, 
ce ll concentration, 1s th a t of Contois (11).
C
n ioT+T
x is  the concentration of micro-organisms
K is  a constant
Fermentation Industries
In recent years industria l fermentation processes have been 
re s tr ic te d  to  chemotherapeutic agents; a n tib io tic s ; s te ro id s , e tc ; 
food additives lik e  monosodium glutamate and vitam ins; and beverages. 
P rio r to the development of the petrochemical industry , fermentation 
supplied many chemicals and with petroleum reserves becoming depleted 
some companies are again looking toward fermentation as a source of 
raw m ateria ls.
H is to rica lly , the most Important microbial process is  ethanol 
production, both as consumable beverages and as an in d u stria l solvent. 
Yields of 99% of theoretical on molasses were regu larly  obtained. Whey, 
s u lf i te  liquor and surplus grains have been used as su b stra tes .
In 1951, 125 m illion gallons, f i f ty  percent of the industria l 
consumption, was produced biochemically, but by the end of the decade 
biological sources had essen tia lly  been excluded from the market.
The Weizmann process for making butanol, acetone and ethanol was 
widely used u n til the 1950s. Species of the anaerobic, spore-forming
9r °d Clostridium produce mixed solvents from a varie ty  of su b stra tes , 
typ ically  molasses, a t  about a 33% y ie ld  on sugar. The fermentation 
broth is  typ ica lly  2% by volume mixed so lvents a t a ra tio  of 6:3:1 
(butanol:acetone:ethanol) (12). In the 1940s more than 60% of the 
U.S. requirement for butanol and 10% of the acetone was produced 1n 
th is manner (13).
During World War I I ,  the Germans produced 1,000 tons of glycerol 
per month fo r manufacturing munitions. Saccharomyces cerevisiae 
produces glycerol from sugars a t about a 51% y ie ld  but the recoverable 
y ie ld  is only about 20%.
Single Cell Protein (SCP)
Single ce ll protein is  a recen tly  invented generic term for 
microbial protein  from yeast, b ac te ria , and fungi which supplies d ietary  
needs of animals near the top of the food chain.
Torula o r food yeast has been ava ilab le  for f i f ty  years and was
used in Germany in large quantities during both World Wars. Two groups 
of carbon sources are presently under consideration for increasing the 
world supply of SCP: carbohydrates and hydrocarbons.
Single Cell Protein from Carbohydrates
In th is  century yeast has progressed from a minor by-product of
alcohol ferm entation, whey production, e tc .  in to  a major industry. In
1967, 58,500 tons of yeast were produced, in the United S tates by eight 
manufacturers.
Sugar cane and sugar beet molasses are read ily  available sources 
of fermentable sugars as well as other organic and inorganic n u trien ts .
10
They have been successfully employed to  produce yeast on a small 
scale (14).
Spent su lf ite  liquor from pulp m ills contains carbohydrates 
solubilized  from the pulp. This has been a s ig n ifican t source of yeast 
p ro tein , 7,000 to 8,000 tons per year in 1955 (15, 16).
SCP is  produced by the aerobic cu ltiv a tio n  of the lactose- 
fermenting yeast Saccharomyces f r a g i l is  on cottage cheese whey. At 
le a s t two plants are currently in operation using th is  process (17, 18).
A process to  degrade the starchy waste of a potato processing 
p lant was developed in the Research Laboratories of the Swenska 
Sockerfabriks AB in  Sweden. The process i s  called SYMBA because i t  
sym biotically employs the amylase producing yeast Endomvcopsis  fibu liger 
and Candida u til  is  or Torula y ea s t. The product is  sold as a poultry 
feeding supplement (19).
There have been many processes proposed to  produce SCP from
cellu lo se . These will be c ited  in Chapter I I ;  however, none o f them
have been commercialized.
Single Cell Protein from Hydrocarbons
Most of the e ffo rt in SCP production has been concentrated in 
hydrocarbons. Five basic approaches are used (20):
1) Growth of bacteria on natural gas,
2) Growth of yeast or b ac te ria  on methanol, which is  derived
from natural gas,
3) Growth of yeast on ethanol derived from chemically oxidized 
ethylene,
4) Growth of bacteria o r  yeast on the gas-oil fraction  of
crude o i l ;  however, the microorganisms only consume the 
n -paraffin s , and,
5) Growth of bacteria  or yeast on purified  n-paraffins
*C14"C25*‘
Shell Research, LTD. had announced plans to build a 100,090 ton 
per year SCP p lan t to be operated using methane as the substra te . This 
project has been delayed, however, due to the ris ing  cost o f  natural 
gas (23).
The chief advantages of methane were Originally seen to  be co st,
t
abundance and ease of separation from the product (24). The f i r s t  two 
may not be such advantages in  the long run. The disadvantages of 
methane as a substra te  are a double gaseous mass tran sfe r problem, 
methane and oxygen; a high oxygen requirement, five times th a t for 
carbohydrates; a high production of heat, four times th a t of 
carbohydrates; and a potential danger of explosion from the methane-
f
oxygen mixture.
Methanol, which is  made from natural gas, is  the lowest cost 
petrochemical ava ilab le . I t  has cost and a v a ila b ility  proportionate to 
natural gas. I t  i s  easily  removed from the product and available in 
highly purified  form. Unlike the n-paraffins and methane, i t  is  
miscible with water. I t  is  easy to sto re and handle. I t  is  p a r tia lly  
oxidized, which on one hand lowers the oxygen requirement and heat 
produced but adversely lowers the y ie ld  of cellmass on substrate (25). 
Mitsubishi Gas Chemical (Japan), Der Chemicals ( Is ra e l) , Phi 11 ins 
Petroleum (USA) and ICI (London) have run methanol SCP p ilo t plants 
and have proposed commercial f a c i l i t i e s ,  but none are presently in 
operation.
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Ethanol, which has long been accepted as a product ingestib le  by
»
humans, overcomes the fears of substrate to x ic ity . For this reason 
Amoco Chemical Co. has obtained Food and Drug Administration approval 
fo r Torula Yeast grown on ethanol and they are currently operating a 
7,500 ton per year p lan t in Minnesota. Mitsubishi Petrochemical Company 
(Japan) is  said to be running a 100 ton per year p ilo t plant on 
ethanol (23).
B ritish  Petroleum's 4,000 ton per year n-paraffin plant in 
Scotland is  the only SCP from paraffin  plant known to be d efin ite ly  
operating a t th is  time. I t  is  believed, however, th a t there is  a 
fa ir ly  large p lant operating in the USSRi R ritish  Petroleum was 
operating a 16,000 ton per year p lan t on gas o i l ;  however, i t  has been 
shut down due to poor performance 1n the recovery system, sp ec ifica lly  
the hydrocarbon ex traction  system, and is  being converted to run on 
pure n-paraffins (23).
The safe ty  of SCP from n-paraffins and gas-oil is  of much 
concern throughout the world. The feedstocks contain polynuclear 
aromatics, which are generally accepted to be carcinogenic. The 
concentration of these compounds in the feed is  reduced by pretreatment 
of n-paraffin  feed stock , I .e .  treatment with oleum followed by passage
through a s i l ic a  gel column. Since only about 30% of the feed stock 
is  d ig e s tib le , the product from gas-oil fermentation contains a g reat 
deal of hydrocarbon. This must be removed by a series of solvent 
ex traction steps (22). Due to th is  problem of residual carcinogens, no 
country in the world has accepted SCP from hydrocarbons for human 
consumption. Japan has banned i t  fo r five years as animal feed due to 
fears th a t polynuclear aromatics w ill build up in the animal's tis su e .
CHAPTER II
CELLULOSE AND CELLULOSE DEGRADATION
Cellulose
Cellulose 1s the ch ief component of wood and plant f ib e rs ; wood 
is about 50 percent ce llu lo se  and cotton 1s nearly pure ce llu lose. I t  
1s a polymeric form o f D-(+)-glucose o f molecular weight 50,000 to
500,000 which 1s 300 to  3,000 glucose u n its .
Any lose Unit a(l->4) Linkage
Cellulose Unit $(l->4) Linkage
FIGURE I I - l .  HAWORTH REPRESENTATION OF STARCH AND CELLULOSE
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The D-(+)-glucose un its  are connected by a beta linkage between 
the number one and number four carbons of the succeeding u n its . This 
d iffe rs  from water soluble amylose (starch) only in the type o f linkage. 
Amylose has an alpha linkage (Figure I I - ! ) .
C ellu losic  fibers generally have a th in  primary wall which 1s a 
loose, random f ib r i l l a r  network. I t  surrounds the re la tiv e ly  th ick 
secondary wall which consists o f three layers ca lled  S I, S2, and S3.
The ce llu lo se  molecules are deposited as a f l a t  helix  with respect to 
the f ib e r  axis in  SI and S3; the molecules are nearly p a ra lle l to  the 
f ib e r  ax is.
In each o f these layers the cellu lose and o ther constituen ts 
are aggregated in  d is t in c t bundles called  m ic ro fib rils . Within the 
m1crof1bril the lin e a r  ce llu lo se  molecules are bound la te ra l ly  by 
hydrogen bonds 1n various degrees of parallelism . Regions o f high 
o rien ta tion  are ca lled  c ry s ta llin e  and those o f le sse r  o rien ta tio n  are 
called  amorphous (26).
There are  four models of current Importance fo r describing the 
association o f ce llu lose  strands 1n m icro fib rils .
1) The trad itio n a l fringe ml c e lla r  concept describes the 
m lcro flb rlls  as r ig id  rods of jibout 600 molecules and 
150 to  250 A 1n diameter which have c ry s ta llin e  and 
amorphous regions Interspersed (26).
2) M uhlethaler's concept 1s a rectangular "c ry sta llin e  core",
50 x 100 A 1n cross section which 1s surrounded by an 
amorphous sheath which also contains the hem1celluloses 
and I1gn1n.
3) Hess, Mahl and Gutter (28) conceived a group o f "elementary
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f ib r i l s " ,  which contain 15 to  40 ce llu lose  molecules. These 
"elementary f ib r i ls "  are less  well ordered a t  certa in  points 
along the m lcro flb rll.
4) Manly (29) suggests th a t the ce llu lo se  molecules e x is t as 
a f l a t  ribbon which 1s tw isted In to  a t ig h t  helix .
The ce ll wall material 1s prim arily made up of hem1celluloses,
short heteropolymers of glucose, xylose, mannose, galactose, arablnose,
and the uronlc acids of glucose and galactose and I1gn1n. Llgnin 1s a
complex three-dimensional polymer formed from p-hydroxycynanyl alcohols.
These m aterials form a matrix around the m1crof1br1ls and apparently
make the material re s is ta n t to  c e llu lo ly tlc  a ttack .
The cap illa ry  s tru c tu re s , which are Important 1n microbial
degradation, are o f two types. Gross c a p i l la r ie s ,  200 A to 10 or more
2
microns 1n diameter, make up about 1 n r/g  o f surface area and consist of
ce ll lumlna, p i t  apertures and p i t  membranes. The area 1n the gross
15 °ca p illa rie s  could accomodate about 3 x 10 randomly oriented 200 x 35 A
Myrtheclurn verrucarla enzyme molecules per gram. Much more surface 1s
O
available 1n the fine  structu re  pores, which are less  than 2,000 A 1n 
diameter, such as the space between m1crof1br11s and the cellu lose 
molecules o f the amorphous region. Most of these pores are considerably 
sm aller than 200 A 1n water swollen ce llu lo se .
Mode of Action o f Cellulase Enzymes
This 1s a much debated subject which 1s not y e t completely 
understood. In 1921, Pr1ngshe1m (30) proposed th a t  the enzymatic 
hydrolysis o f  native cellu lose proceeds 1n th ree step s.
1) D isintegration of m lcellu lar s tru c tu re ;
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2) Degradation of cellu lose to 1,4-ollgoglucosldes;
3) Conversion of 0 -l,4-ol1goglucos1des to  glucose.
In 1950, Reese, S1u and Levinson (31) proposed th a t native 
cellu lose 1s subjected to enzymatic attack p r io r  to  so lu b iliza tio n . The 
subsequent hydrolysis occurs a t the 0-1 ,4-g lucosyl bonds of the 
cellu lose chains. The enzymes promoting these two processes were called  
Cj and Cx. The Cj portion possibly attacks a few 0-1,4-glucosyl bonds 
and/or some other bonds Involved 1n cross-1 Inking the native cellu lose. 
After some disruption the Cx solubilizes the ce llu lo se .
King and Vessal expounded on th is  component theory of cellu lase 
as follows (32).
1) C1 1s an enzyme whose action 1s unspecified . I t  1s 
required fo r  hydrolysis of highly oriented  ce llu lose .
2) 0 -1 ,4  glucanases (Cx) are the hydro ly tic  enzymes. The 
"x" emphasizes the multicomponent nature of th is  frac tio n . 
These 0 -1 ,4  glucanases are of two types.
a) Exo 0 -1 ,4  glucanases which work by removing single 
glucose molecules from the reducing end of the chain.
b) Endo 0 -1 ,4  glucanases which randomly cleave the 
0 -1 ,4  bonds which are generally  more susceptible than 
the terminal ones.
3) 0 -glucosldase which acts on the ogllgosaccharides.
The Cj enzyme 1s probably not hydrolytic a t  a l l .  S1u referred
to  1t as "hydrogen bondase." In 1965, Selby (33) claimed to  have
Iso lated  the C^  enzyme 1n highly pure s ta te . He found no hydrolytic
ac tiv ity  a t a ll 1n the absence of the Cx fra c tio n . The activation
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energy fo r Cj was reported by Rautela and King (34) to be on the order 
of 3,000 calories per mole which Is on the order o f the value fo r 
hydrogen bond cleavage. Reese (35) suggested the sequence shown 1n 
Figure II-2  fo r Tr1choderma vlrde ce llu la se .
NATIVE CELLULOSE 
ci
LINEAR CELLULOSE 
Cx
CELL0BI0SE
0 -  Glucosldase
GLUCOSE
Metabolic Pathway
CELL MASS
FIGURE II-2 . MICROBIOLOGICAL DEGRADATION OF CELLULOSE 
The exact mechanism fo r the synerg is tic  action of C. and C
JL A
has not y e t been agreed upon by those who study the subject. The 
mechanism almost ce rta in ly  varies with the organism from which the 
ce llu lase  1s Iso la ted .
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S uscep tib ility  of Cellulose to Enzymatic Attack
Cowling and Brown (26) 11st e igh t s tru c tu ra l features of 
ce llu lo s lc  material which determine the su sc ep tib ility  to enzymatic 
degradation: (1) the moisture content of the f ib e r ;  (2) the size  and 
d lffu s lb lH ty  of the enzyme molecules Involved 1n re la tio n  to the size  
and surface proportion of the gross c a p il la r ie s , and the space between 
the m lcroflbrfls and the cellu lose molecules 1n the amorphous regions; 
(3) the degree of c ry s ta lH n lty  o f the ce llu lo se : (4) I ts  u n it-ce ll 
dimensions; (5) the conformation and s te r lc  r ig id ity  of the 
anhydroglucose u n its ; (6) the degree o f polymerization (d .p .) of the 
ce llu lo se ; (7) the nature o f the substances with which the cellu lose 1s 
associated; and (8) the nature , concentration, and d is trib u tio n  of the 
substituen t groups.
In sh o rt, these factors re la te  the ac c e ss ib ility  of the 
ce llu lose  chains to  the enzyme. Cowling (36) l i s t s  s ix  physical or 
chemical treatments to Increase microbial su sc e p tib ility . They are 
(1) p a r tic le  size reduction; (2) d e lig n if ica tio n ; (3) decrease in 
crystal!1n1ty ; (4) hydrolysis and reduction o f chain length;
(5) sw elling, and (6) disruption o f the H gnocellulose complex by 
rad ia tion .
There 1s a great deal of contradictton and ambiguity 1n the 
l i te r a tu re .  Segal e t  al (37) and Baker e t  al (38) found a correlation  
between crysta l! 1n1ty, as measured by x-ray d iffrac tio n  and enzymatic 
hydrolysis. Hargrove (39) found no co rre la tion  between x-ray 
crysta l U n ity  and the growth of Cellulomonas. Lee (40) found his most 
susceptib le substrate to be most c ry s ta ll in e , and concluded th a t the
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degree of swelling Increases the pore s ize  above a s ize  which 1s 
required fo r the enzyme to penetrate the su b stra te .
Stone e t  al (42) found a dependence o f enzymatic su sc ep tib ility  
on pore s iz e . When a cellulos1c m aterial Is attacked by an In tac t 
microorganism, according to Stone, the In i t ia l  attack 1s on the external 
surface only. Cutting or grinding the m aterial to  open the lumens 
exposes a g reat deal more surface a rea , the amount reaching about one 
square meter per gram. I f  the enzyme o r organism can reach the 
substra te  v ia the p i ts ,  fu rther grinding which only cuts the length of 
the bundles produces only Incremental Increases 1n re a c tiv ity . I t  has 
been proposed th a t vibratory m illing produces an Increase 1n 
reac tiv ity  (41). This type processing, Stone proposes, d isrupts the 
bundle I t s e l f .
t
U tiliza tion  o f Cellulose ^  Ruminants
Ruminants are the animals we normally think of as cud chewers; 
c a t t l e ,  sheep and goats are common examples. These animals are commonly 
referred to  as having four "stomachs". The true stomach, the abomasum, 
1s preceeded by three other compartments, the rumen, the reticulum , and 
the omasum.
When food 1s swallowed, I t  goes In to  the poorly separated 
rumeno-retlculum area. This area makes up 80-85% of the "stomach" 
volume. The animal secretes none of I t s  own digestive enzymes Into th is  
a rea , but the rumeno-retlculum maintains a large bacteria l and protozoal 
population, under anaerobic conditions. The pH 1s 5 to  7 and the 
contents are well agitated by large and strong musculature.
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Here the microscopic organisms ferment the d ie tary  sugars, 
starches and cellu lose to produce two to  four carbon organic acids which 
are used by the animal fo r  energy and various synthetic  functions.
These acids are neutralized by a lkaline  sa liv a  secreted by the animals, 
85-100 l i t e r s  per day 1n cows. The amino ac id s , B vitamins and 
vitamin K, and the animal's d ie tary  n u tritio n a l requirement are supplied 
by the microbial action of rumen (43).
I t  has been known fo r many years th a t a lk a li treatment of 
agricu ltu ral wastes Improves I t s  d1gestabH1ty by rumen microorganisms. 
Many substances have been tested  as ruminant feeds: wood ce llu lo se , 
asparagus b u tts , cassava ro o ts , wheat straw , r ic e  straw and sugar cane 
bagasse (44).
The rumen 1s by fa r  the o ld est conversion of ce llu lose  to food 
via p a rtia l microbial ac tion , but 1 t 1s very In e ff ic ie n t. This process 
in cows requires about seven pounds o f cereal grain (3) o r 12 to  16 
pounds of a ce llu lo slc  m ateria l, l ik e  a lk a li trea ted  sugar cane 
bagasse (45), to  add one pound to  the mass.
SCP from Cellulose
Numerous pathways fo r  converting ce llu lo se  Into useful protein 
have been reported. These may be grouped Into four general types of 
processes.
1) Chemical hydrolysis of the ce llu lo se  to  glucose and 
growth of microorganisms on the hydrolysate.
2) Enzymatic hydrolysis of ce llu lo se  to  glucose and growth 
of SCP on glucose.
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3) Symbiotic ce llu lose  hydrolysis by one In tac t organism 
and conversion o f the hydrolysis products to SCP by 
another In tac t organism.
4) Hydrolysis of ce llu lose  and biomass production by a 
sing le organism.
Acid hydrolysis and growth of food y ea s t, Candida u tH 1 s, was 
developed and u til iz e d  by the Germans 1n Wdrld Wars I and I I .  The 
German Scholler process o r weak acid process fo r hydrollzlng cellu lose 
was upgraded a t  the U.S. Forest Products Laboratories and a few wood 
sugar plants were b u ilt  1n the United S ta tes. Meller (46) 1n 1969 did 
an 1n-depth economic analysis on a d d  hydrolysis and the growth of yeast 
on the re su ltan t sugar. He determined a production cost on the order of 
30 cents per pound fo r the e n tire  process.
Cellulase production from several fungi and enzymatic hydrolysis 
have been studies extensively a t  the U.S. Amy Natick 
Laboratories (41, 49, 50, 51, 52, 53). Ghose and Das (54) described a 
continuous process based on work by Ghose and Kostlck (41). This 
process (Figure I 1-3) consists of pulverizing the ce llu lo slc  material 
to  less than 25 microns and heating to 800°C in an oxidizing atmosphere 
followed by enzymatic saccharlflcation  a t  pH 4.8 and 50°C. Enzyme and 
cellu lose are recycled and the 7.3% syrup is  converted to  yeast protein 
by a fermentation step . The p lan t 1s designed to hydrollze 100 metric 
tons of cellu lose per day and to  produce 60 metric tons of sugar per 
day for a volumetric production effic iency  (V.P.E.) of 1.16 grams per 
l i t e r  per hour . Yeast fo r  SCP could be grown on the sugars o r the 
sugars could be separated and marketed.
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Peltersen (47) developed a method fo r  producing SCP from 
Saccharmyces cerevlaslae o r Candida utH 1s and Trlchoderma vlrde when 
grown symblotlcally on unwashed a lk a li trea ted  r ice  straw. He found no 
difference 1n the effec t o f the yeasts but 1n both cases he found the 
ra te  o f enzyme production Increased. The symbiotic culture consumes 
2 to 5 grams per l i t e r  ce llu lose  1n seven to  ten days of Incubation.
There are several proposed processes fo r growing ce llu lo ly tlc  
microorganisms on cellu lose (56, 57, 58, 59). Crawford e t  al (56) grew 
Thermospera fusca on tissue  mill waste. E1ghty-n1ne percent of the 
waste m ateria l, In it ia l ly  5 grams per l i t e r ,  was converted to  a product 
a t  a 24 hour generation time and a y ie ld  on so lid  of 35-40%.
Updegraff (58) grew Myrotheclum verrucarla on ball milled 
newspaper (Figure 11-4). F ifty  to  seventy percent of the pulp was 
consumed and the unconsumed pulp and fungus was recovered together 
y ielding a product of about 30% p ro te in . The productivity o f the 
fermentation was given as 0.11 grams per U ter-hou r. The advantages 
Include easie r heat removal and exclusion o f many contaminants by 
u til iz in g  higher temperature.
A great deal of work has been done a t  General E lec tric  and the 
University of Pennsylvania on the growth o f a thermophilic actlnonycete 
on waste cellulose (58, 60). The organism 1s grown a t  55°C and 
pH 7.5-7 .8 . Seventy to eighty percent of a lk a li or ammonia treated  
cellu lose  1s u tilized  1n the ferm entation. A separation problem 
occurred 1n th a t 50% of the protein  1s ex tra ce llu la r.
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The LSU Process
The LSU process Involves the aerobic growth of a cellu lose 
degrading bacterium, which was Iso la ted  by Han and Sr1n1vasan (61) and 
Iden tified  as a member of the genus Cellulomonas. After fu rther 
characterization , the organism was ca lled  Cellulomonas uda (ATCC 21399). 
However, Cellulomonas uda 1s not presently  recognized as a separate 
species of the genus. Therefore, the organism used 1n th is  research 
w ill be referred to as Cellulomonas with the understanding th a t i t  1s 
the culture ATCC 21399 as propagated 1n the Chemical Engineering 
Department a t LSU.
CalHhan and Dunlap (62, 63) developed a hot a lk a li treatment 
fo r the growth of Cellulomonas on, sugar cane bagasse. Irwin and 
CalHhan (64, 65) followed with a stutjy of the parameters Involved 
1n a lka li treatment and I t s  e f fe c t on the growth of Cellulomonas 
(Table I I - l ) .
I t  1s postulated th a t the hot a lk a li treatment replaces the C^  
function o f the ce llu lase  enzyme system which 1s missing from 
Cellulomonas (61, 66).
Evidence Indicates th a t NaOH treatm ent hydrolyzes the e s te r  
bonds which hold the 11gn1n and hem1celluloses around the cellu lose 
f ib e rs  in a netllke fashion. This creates surface 1n the pores as well 
as forming Ionic bonds between the sodium Ions and the hydroxyl groups 
of cellu lose which swells and hydrates the fibers (67, 68).
Han (69) and Fleenor (70) studied the enzymes of Cellulomonas. 
Tyagl (71) studied high temperature a lk a li treatm ent; Chandalla (72) 
studied ce ll recovery by hyperfH tera tlon . Hargrove (39) studied the 
e ffe c t of physical beating on the growth of Cellulomonas. Choi (73)
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studied media modification and Iso la tio n  o f sp ec ific  growth factors 
required by the organism.
Irwin (64) found th a t the growth o f Cellulomonas on a lk a li 
trea ted  sugar cane bagasse was re la ted  to the amount of bagasse 
remaining Insoluble a f te r  a lk a li treatm ent and washing (Y$) . The y ie ld  
on a lk a li treatment was found to  be a strong function of the ra tio  of 
the weight of a lkali to  weight o f dry material tre a te d , and a weak 
function of the treatment time. The re la tionsh ip  and lim its  of 
application are given 1n Table I I - l .
I t  has been proposed th a t symbiosis between Cellulomonas and an 
organism which has high 0-g lucosldase a c tiv ity  Improves the process 
productivity (59, 69, 78, 79). The organisms proposed were Alcallgenes 
faecal1s (ATCC 21400) and several yeasts o f unreported genus.
Hargrove (39) Investigated the e ffe c t o f physical pretreatment 
on physical parameters and su sc ep tib ility  to  degradation. He found th a t 
neither x-ray d iffrac tion  patterns nor freeness Index showed a 
correlation  with the growth extent or ra te  of Cellulomonas on purified  
wood pulp. He found tha t passing s lu rr ie d  wood pulp through a Valley 
beater Increased the growth ra te  on wood pulp which had not been 
previously a lk a li trea ted . The growth ra te  on a lka li trea ted  wood pulp 
might have been Increased somewhat by beating.
Hargrove also postulated th a t the ra tio  of cellu lose remaining 
to c e lls  present 1s constant a t the point where Irwin reported the 
growth ra te  as decreasing to  zero order. This he thought was due to 
lim ita tion  of s ite s  for enzymatic hydrolysis.
The by-product of th is  fermentation 1s a pale yellow powder. The 
mineral content of the product 1s l is te d  1n Table II-2  and the amino
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TABLE I I - l
ALKALI TREATMENT PARAMETERS AND CELL GROWTH PARAMETERS 
FOR SUGAR CANE BAGASSE (65)
ALKALI TREATMENT
Y. « 0.95 - 1.80 N -  0.01 t  s
190 > T > 250°F
0.5 > t  > 6.0 Hour
0.0 > N > 0 . 2  Pounds o f NaOH per pound of
dry bagasse
2 >L/S > 20 Pounds of liqu id  per pound of 
dry bagasse
0.65 > Y > 0.959
CELL GROWTH
1st ORDER KINETICS TO CELL CONC. OF 5 GM/L
md * 5-7 h rs .
ZERO ORDER KINETICS FOR CELL CONC. OF 5 TO 20 GM/L
1.0 GM/L-HRdC
dt
Yield n  a q  GM CELL MASSu * ™  GM CELLULOSE CONSUMED
CELLULOSE CONSUMPTION 
S -S
( -9—  ) * 0.83 (BATCH CULTURES)
BASE REQUIREMENT -  0.34 M
0.65 > Ys > 0.70
10.0 > S0 > 40.0 GM/L
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acid p ro file  1n Table II-3 . The amino a d d  p ro file  1s on a par with 
soy meal 1n the c r i t ic a l  amino a d d s ,  methionine, threonine, v a lin e , 
leucine, Iso leu d n e , arg in ine , M stad lne , phenylalanle and ly sin e , which 
are not synthesized by higher animals. The o ther essen tia l amino a d d  
tryptophan was not measured.
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TABLE II-2 
COMPOSITION OF CELLULOMONAS
Component
Protein 6.25 X N
Composition 
(Dry Mass Basis)
Ion Exchange
Beekman Amino Acid Analysis
Fat
52.5%
55.6%
48.2%
47.0%
0.7%
Reference
74
75
75
76
75
Ash 4.8%
13.8%
75
74
Available Lysine (NaBH4)
(Carpenter)
9656
10656
75
75
Elemental
Carbon 42.1% 74
Nitrogen 8.4% 74
Phosphorous 1.13% 74
Potassium 0.38%
0.133%
74
75
Iron 0.92%
0.016%
74
75
Sulfur 0.11% 74
Magnesium 0.64%
0.0405%
74
75
Calcium 0.66%
0.067%
74
75
Sodium 0.23% 75
Z1nc 29 ppm 75
Copper 0 ppm 75
Cobalt 1.3 ppm 75
Manganese 2.5 ppm 75
TABLE I 1-3 
AMINO ACID PROFILES OF LSU-SCP
Amino Add
Alcallgenes 
(glucose) 
(vacuum 
oven)(76)
Yeast (13) 
(glucose) 
(vacuum 
oven)(76)
Cellulomonas 
(glucose) 
(vacuum 
oven)(76)
Cellulomonas 
(cellu lose) 
(lyophlHzed) 
(dup lica tes)(76)
Cellulomonas
(cellu lose)
(lyophlllzed)
(75)
Soy meal 
(44% protel
(76)
Lysine 5.7 6.0 4.0 4.0 4.1 5.8 5.0
H istidine 2.8 3.3 3.8 4.2 4.4 2.2 2.7
Arginine 6.9 3.6 7.5 7.1 7.1 7.5 6.9
Aspartic Add 10.1 0.9 8.6 8.2 8.6 9.1 11.7
Threonine 5.0 4.9 5.3 5.3 5.5 5.6 4.4
Serine 4.3 4.6 4.5 4.8 5.4 3.7 6.4
Glutamic Add 13.7 19.1 16.7 14.1 14.5 17.2 20.4
Prollne 4.2 4.6 4.6 4.9 4.8 4.8 5.6
Glycine 5.3 4.8 5.5 5.4 5.5 5.9 4.3
Alanine 8.2 16.8 10.3 10.7 10.0 10.5 4.5
Valine 6.8 4.6 6.7 6.4 6.4 8.7 4.5
Methionine 2.2 1.0 1.3 1.2 1.2 1.2 1.2
Isoleuclne 5.2 6.7 3.7 3.5 3.5 3.3 4.8
Leucine 8.9 6.8 8.7 10.1 8.6 8.4 8.5
Tyrosine 5.9 7.3 6.5 6.7 6.9 2.8 4.1
Phenylalanine 4.8 4.9 2.4 3.5 3.6 3.4 5.1
100.0 99.9 100.1 100.1 100.1 100.1 100.1
Grams o f amino 49.7 26.9 44.1 45.4 48.5 48.4 45.6
acid per 
100 grams of 
sample dry 
weight
CHAPTER I I I
EXPERIMENTAL METHODS
Cellulose
Four types o f ce llu lo se , bleached purified  wood pulp, cotton 
1In te rs , whole bagasse and bagasse p ith , were used 1n these s tu d ies .
Most of the experimental work and a ll of the cellu lose Inoculum 
preparation was done on alpha cellu lose flock.from bleached s u lf i te  
s o f t  wood pulp purchased from the International Paper Company 
(Appendix A).
The whole bagasse was obtained from The Audubon Sugar Factory a t 
LSU. I t  was ground 1n a knife grinder with 1/8 Inch screens and stored 
fo r use 1n p la s tic  lined flberboard drums.
The bagasse p ith  was the rejected  waste of the Valentine Paper 
Company and the cotton 1 In te rs  were of a quality  normally used 1n making 
ce llu lo se  deriva tives.
Inoculum ,
The inoculum was prepared 1n three steps.
Slant — ► 250 ml — ► 2 l i t e r  
shake flask  shake flask
The organism was carried  normally on nu trien t broth or 
Pseudomonas-F agar (Appendix C) and was transferred  monthly to fresh 
s la n ts .
A loopful o f the ce lls  from the s la n t was transferred  to  a 
250 ml Erlenmeyer flask  containing 100 ml of the s a lts  medium to  be
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used In the bench scale  run. Chemical Engineering I 1s the designation 
of the medium used by Dunlap (62), Irwin (64), Hargrove (39) e t  a l .  
Chemical Engineering II  1s the designation given to the new media 
devised In th is  research. The compositions of these media are given 1n 
Appendix C.
The 250 ml shake flasks are Incubated a t  35°C fo r 40-48 hours 
to a tu rb id ity  of 400 to  600 K lett Units. An aliquot of th is  cu lture 
1s transferred  to  a 2 l i t e r  flask  with one l i t e r  of medium. Figure I I I - l  
shows a typ ical two l i t e r  Inoculum growth curve on alkali treated  wood 
pulp. The inoculum was taken a t  20 to 28 hours of Incubation so th a t 
the inoculum would be 1n the exponential phase of growth and would give 
the cu ltu re  good I n i t ia l  a c tiv ity  and a sho rt lag phase. The 7 and 14 
l i t e r  vessels were inoculated with 500 m il l i l i te r s  and 1 l i t e r ,  
respectively .
The Inoculum was prepared with glucose or a lk a li treated  wood 
pulp depending on the substra te  to be used 1n the experiment.
Bench Scale Fermentation Equipment
The 7 l i t e r  fermentation u n it was a New Brunswick FS-307 
Fermentor. The system consists of three vesse ls , Pyrex 5 x 18 Inch 
cylindrical g lass ja rs  f i t te d  with s ta in le ss  steel heads, 1n a 
temperature contro lled  water bath.
Agitation 1n the four-baffel vessels 1s supplied by two 3-1/8 
Inch diameter, four blade turbines which are driven a t 350 rpm by a 
common drive sh a ft. S te r ile  a i r  1s Introduced ju s t  below the lower 
turbine. P rio r to  entering the turbine the a ir  1s passed through a one 
foot long, three Inch diameter pipe packed with glass wool, then through
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a 0.22 micron m ill1pore f i l t e r  to  remove the bulk of the p a rticu la te  
matter 1n the a i r .  Ju s t p rio r  to  entering the Vessel, the a i r  a t 
15 ps1g passes through a rotameter and then 1s s te r i l iz e d  by f i l te r in g  
through a s ix  Inch long, one Inch diameter cy linder, packed with Pyrex 
glass wool and s te r i l iz e d  p rio r  to  each run.
The 14 l i t e r  vessels are e s sen tia lly  the same, turbine ag ita ted , 
four-baffel vessels . Temperature control 1s effected by c ircu la ting  
water through two of the baffels which are hollow. The vessels are 
independently driven by 1/8 h .p . variable speed D.C. motors.
The vessels are pH controlled by a six  channel Fermentation 
Design pH C ontroller employing Ingold pH probes. The pH co n tro lle r 
activates p a ra s ta lt lc  pumps which pump bafce (NaOH or NH^ OH) to maintain 
the desired pH.
The 14 l i t e r  vessels are equipped fo r dissolved oxygen 
measurement. The system 1s an Instrumentation Laboratories Model 531 
am plifier with an I.L . e lectrode. The electrode 1s a galvanic ce ll 
with a small platinum cathode, where 02 Is reduced to  OH", and a 
s ilv e r -s i lv e r  chloride anode. The electrode 1s Immersed 1n an 
e lec tro ly te  and 1s covered by a polymeric membrane, which 1s permeable 
to  gasses such as oxygen.
When oxygen 1s reduced a t  the cathode, a current proportional to  
the oxygen level 1n the sample 1s generated. This signal 1s Increased 
by the am plifier to  0-20 milllamps and displayed on an m ill1 ammeter 
which is  graduated 0-10. The signal 1s then passed to a variable speed, 
0.25 to 12 1pm, Honeywell Electronlk Chart recorder. Specific 
information about ca lib ra tio n  and operation of th is  Instrument 1s given 
1n Appendix D.
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FIGURE I I I -1 GROWTH OF 2 LITER INOCULUM ON 
WOOD PULP
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FIGURE I I 1-2 SKETCH OF BENCH SCALE VESSEL
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FIGURE I I I - 3 ,  SKETCH OF THE TOP OF A 14 LITER
BENCH VESSEL
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Volume
Type
Agitation
Turbines
Dimensions
Baffels
TABLE I I I - l  
DESCRIPTION OF BENCH SCALE EQUIPMENT
7 l i t e r  ( to ta l)
5 l i t e r  ( working)
New Brunswick Labroferm
Constant: .350 rpm
2 with four f l a t  blades 
8 cm 1n diameter
14 cm 1n diameter 
45 cm depth
4 -  1.65 cm
14 l i t e r  ( to ta l)
10 l i t e r  (working)
New Brunswick Mlcroferm
Variable: 0-500 rpm
2 with four f l a t  blades 
12 cm 1n diameter
20 cm in  diameter 
45 cm depth
4 -  2 cm
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A ir l i f t  Fermentor
The a i r l i f t  fermentor consists of a column with an In ternal d ra ft 
tube which has the sparger a t  the base. A1r 1s sparged Into the d ra ft 
tube. The resu lting  a i r  medium mixture 1s less dense than the medium 
I t s e l f ,  therefore a t  the base of the d raft tube the head 1s unbalanced 
and there 1s flow from the annulus Into thfe d raft tube.
As the material 1s l i f te d  through the d ra ft tube, 1 t 1s ag ita ted  
and aerated by the a i r  flow. Aeration ceases during the period of 
residence In the annulus. Wang e t  al (93) have reported th a t the cycle 
time fo r th e ir  five  l i t e r  u n it was between one and three seconds. They
were studying the u til iz a tio n  of hydrocarbons.
.1
Very l i t t l e  Information concerning a i r l i f t  fermentors 1s 
availab le  1n the l i te ra tu re .  Hatch (90) did an 1n-depth study of the 
parameters affecting  a 5.5 l i t e r  and a 200 l i t e r  a i r l i f t  fermentor.
He found, as one would expect, th a t the su p erfic ia l gas velocity  
was the most s ig n ifican t parameter. The ra tio  of d ra f t tube area to 
annular area had a small e f fe c t and a t  lower superfic ia l gas v e lo c itie s , 
200-400 cm /sec., the liqu id  height had a small e f fe c t 1n the L/D range 
of 5-11. These trends are based on oxygen transport co e ffic ien ts  1n 
the d ra f t tube.
In bench scale a i r l i f t  units the design of the sparger 1s 
c r i t ic a l  since 1 t 1s Involved 1n the area available fo r  mass tra n s fe r .
Mashelkar and Sharma (91) determined the following e ffec ts  for 
o r if ic e  diameter and o r if ic e  velocity  on the 1nterfac1al a rea , a.
v < 30 cm/mln a Is' a strong function o f the
o rifice  diameter and a weak 
function of v
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30 < v < 600 cm/m1n a 1s more Influenced by v than
by the o r if ic e  diameter
v > 600 cm/m1n neither had s ig n ific an t e ffec t
on a
As the o r if ic e  velocity  Increases* turbulence w ill Increase the 
mass tran sfe r  co effic ien t and the hold-up time. As the hold-up time
j
Increases, coalescence becomes the most Important fac to r 1n determining 
the 1nterfac1al area , a.
LeFrancols (92) found th a t 1n larger u n its , due to  coalescence, 
the 1nterfac1al area 1s Independent of o r if ic e  diameter a t  heights above 
one meter. Therefore, Industria l scale equipment 1s designed to 
minimize sparger pressure drop.
The d ra ft tube fermentor, which was used 1n th is  research 
(Figure I I I -4 ) ,  was designed around the standard 14 l i t e r  fermentor 
j a r  by Inserting  a 4-1nch Inside diameter Pyrex glass pipe 10 Inches 1n 
length as the d ra f t tube. The d ra ft tube 1s held 1n place by two 
polypropylene supports. These supports are made such th a t they f i t  
securely between the b a ffe ls , which bo lt to the head. The openings 1n 
the supports are 4 Inches 1n diameter and 1n order to  secure the tube 
the supports are counter bored 1/4 Inch deep, 4-1/2 Inches 1n diameter, 
which 1s the outside diameter of the tube. The lower tube support re s ts  
on the baffel supports and sparger tube. Two 1/4 Inch diameter, 
s ta in le ss  s tee l rods, which are 15 Inches long and are threaded fo r 
7 Inches on one end and 1-1/2 Inches on the o ther, pass through both 
supports. Nuts on the rods hold the supports 1n place against the tube 
and the rods extend below the baffel supports where rectangular s ta in le ss  
s tee l s tr ip s  (2-3/4 Inches by 1/2 Inch) are secured with nuts below the 
baffel supports to  hold tube securely in place.
pH Indicator and co n tro lle r
e x it a i r  
f i l t e r
In le t a i r  
rotameterIn le t  a i r  f i l t e r
m m - ^ r
base
pump
buret
upper d ra f t 
tube support
baffe ls 
used to 
secure 
the draft 
tube
d ra f t tube
lower d ra ft 
tube support
sparger
FIGURE I I I - 4 .  SKETCH OF BENCH SCALE DRAFT TUBE FERMENTOR
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The sparger 1s a 2-1nch long piece of porous teflon  material 
which forms the a i r  Into many small bubbles to  f a c i l i ta te  gas transport. 
A1r can be metered through e ith e r  of two rotam eters. One 1s b u ilt  Into 
the fermentor stand and delivers 0-10 l i t e r s  per minute. The other 1s 
an external rotameter which can de liver up to  59.5 l i t e r s  per minute.
LSU P ilo t P lant Fermentor
The LSU p ilo t p lant fermentor (Figure I I I -5) 1s a jacketed, 
Insulated vessel fabricated from ro lled  s ta in le ss  s tee l a t the 
M ississippi Test F ac ility . The fermentor 1s a 23-1/2 Inch Inside 
diameter pipe which 1s seven fe e t long and flanged top and bottom. The 
vessel 1s ag itated  by two f l a t  blade turbines and has a pitched blade 
near the bottom to f a c i l i ta te  upward mixing o f the so lid  substra te . The 
ag ita to r  1s driven by a mechanically sealed 3 h .p . Lightnln mixer. The 
variable speed motor operates a t  sh a ft speeds of 117 to 300 rpm. The 
ag ita to r  is  steadied by a bearing a t  the bottom.
A1r 1s Introduced a t the bottom through a ring sparger with 
16 a i r  In jection nozzles with 0.063-1nch o r if ic e s . The a ir  before 
entering is  s te r i l iz e d  by f i l t r a t io n  through two glass wool packed 
f i l t e r s .
The vessel 1s temperature contro lled  by mixing hot and cold water
1n a pneumatic control valve and c ircu la tin g  th is  through the jacket.
The s te r i l iz a tio n  of the vessel 1s affected  by Introducing steam Into 
the jacket and the a i r  f i l t e r s  are also jacketed fo r s te r i l iz a t io n .
The fermentor 1s equipped with various contro lling  and monitoring
devices. A m ulti-point recorder records the temperatures a t  the jacket
In le t and o u tle t , the fermentation liqu id  and the space above the 
liq u id . The a i r  is  metered through rotameters both before and a f te r
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passing through the vessel and the o u tle t 1s equipped with a back 
pressure con tro lle r.
The pH 1s maintained by a Beckman 900 pH analyzer employing an 
Ingold pH probe. The con tro ller ac tiv a tes  a solenoid valve which allows 
anhydrous ammonia to flow Into the a i r  stream.
S te r ile  samples of the fermentation broth are removed from a 
sample port located a t  mid-height of the fermentor. An arrangement of 
block valves connected to the steam lin e  are  placed such th a t the sample 
port can be maintained a t constant steam pressure to  avoid contamination 
a t  the sample port. The sample 1s forced out due to  liquid  head and 
back pressure 1n the vessel.
The fermentor 1s typ ica lly  operated a t  570 ± 10 l i t e r s  to ta l 
volume. After the vessel 1s loaded and s te r i l iz e d ,  1t 1s Inoculated 
with 25 to 35 l i t e r s  of culture from the bench scale  vessels a t  a cell 
concentration of 7 to 8 gram s/lite r (dry ce ll weight).
Typical growth conditions are as follows:
The growth 1s monitored by base, tu rb id ity  and cellu lose 
consumption 1n much the same manner as the bench scale vessels. The 
addition of anhydrous ammonia 1s monitored by a timer which runs while 
the solenoid 1s open and a rotameter which gives the flow ra te  while 
the valve Is open.
PH
Temperature 
Agitation 
Aeration 
Back Pressure
6.8
95° F
200-250 rpm 
10-20 SCFM 
5 ps1g
I 3 h.p. L1ghtn1n motor
- 4  vertical baffels 
4" wide
2 f l a t  blade  ^
turbines with 
4 blades
sample port
2 horizontal baffels 
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pitched blade turbine
ring sparger with 16 
0.063" orifaces
FIGURE I I 1-5 SKETCH OF LSU PILOT PLANT FERMENTOR
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Oak Ridge P ilo t P lant Fermentor
In the period August 11-16, 1975, a run was made on the 350 
l i t e r  p ilo t fermentor a t  the biology Division of the Oak Ridge National 
Labs. This s ta in le ss  s tee l vessel (Figure I I 1-6) was manufactured by 
S tainless and Steel Products Company of S t. Paul, Minnesota. The vessel 
1s 30 Inches 1n diameter and 36 Inches high with a conical bottom and a 
dome top.
The fermentation broth 1s aerated through a sparger which 
consists of a 3/4 Inch pipe cross which has eleven 3/32 Inch holes 
d rille d  Into the top side o f the pipe. Agitation 1s accomplished by 
means of a six  bladed tu rb in e , which 1s 13 Inches 1n diameter and 
3 Inches wide. The a g ita to r  1s driven by a 3 horsepower Reeves turbine. 
The vessel contains th ree 2-1/2 Inch baffels and also has a metal bar 
above the liquid  level on the ag ita to r  sh aft which acts as a mechanical 
foam breaker.
The vessel 1s jacketed and s te r i l iz a tio n  1s carried out by 
circu lating  125°C steam through the jacket. The temperature 1s 
controlled by mixing hot and cold water 1n a control valve and 
circu lating  1 t through the fermentor jacket.
The vessel 1s fu lly  Instrumented with pH con tro l, temperature 
readouts of the medium and c ircu la tin g  w ater, New Brunswick dissolved 
oxygen system, back p ressure , e t c . ,  a l l  of which are controlled from 
a central control panel.
The Ingold pH probe was s te r i l iz e d  1n the medium, but the 
New Brunswick dissolved oxygen probe was s te r i l iz e d  by soaking 1n 
95% ethanol.
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FIGURE III-6  SKETCH OF THE 350 LITER FERMENTOR 
AT THE OAK RIDGE NATIONAL LABORATORIES
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Inoculum fo r  the p ilo t  vessel was prepared 1n a 27 l i t e r  
ag itated  glass vessel. This vessel was pH and temperature contro lled .
Sandoz Equipment
In the period o f May 26 to  June 14, 1975, LSU and the Bechtel 
Corporation entered Into a jo in t  attempt to  produce a su ffic ien t 
quantity of ce lls  to  do feeding t r i a l s .  This attempt was made a t  the 
Wasco, California f a c i l i ty  of Sandoz, Inc. Four people from each 
p artic ipan t were 1n Wasco fo r the t r i a l .  From Bechtel there were A. T. 
Stewart, Robert F isher, Jackson Yu and Sal C lurello. LSU sent George 
Irwin, Marvin Fleenor, James Clemmer and Dr. V. R. Sr1n1vasan, who came 
with an inoculum fo r the la s t  three days.
This f a c i l i ty  is  an operating commercial p lan t where Sandoz 
makes the biological In sec tic id e , "Thur1c1de". "Thur1c1de" Is the 
active spore of Bacillus thurlngensls. P rio r to Sandoz, th is  f a c i l i ty  
was owned by Gulf 011 (94) and CalBlochem.
The complex consists of a laboratory with general chemical and 
microbiological supplies which Include " s te r ile "  tran sfe r rooms and 
incubation rooms with ro tary  shakers. There are two warehouses where 
the product 1s stored both 1n bulk and packaged form. One of the 
warehouses also has the recovery and drying f a c i l i t i e s  consisting of 
three Centrico Desludglng Centrifuges, a spray d r ie r , bulk so lid  
handling and packaging equipment. As a matter of lo g is tic s , one must 
walk through th is  area in order to en ter the p lan t, thereby being very 
apt to become contaminated with the Sandoz product.
The fermentation scheme 1s outlined 1n Figure I I 1-7. A se t of 
sim plified p lan t flow sheets were prepared by Bechtel and appear as 
Figures I I 1-8 through I I 1-13.
The p lan t Inoculum was prepared 1n the lab 1n 6 l i t e r  f la sk s . 
These flasks were used to  Inoculate two vessels , T-30 and 50-L. Both 
have 49 l i t e r s  working volume, b a ffe ls , turbine ag ita tio n  and 
temperature control jack e ts . Fermentor 50-L was equipped with a small 
e le c tr ic  motor to  drive the ag ita to r  while T-30, a converted ant1foam 
tank, was driven by a small pneumatic motor. Both vessels had steam 
locks on the sample and Inoculation ports and the exhaust 1n lin e  was 
steam jacketed. Both had pH monitoring, but no dissolved oxygen monitor 
or automatic pH con tro l. The pH was controlled manually using anhydrous 
ammonia. A pipe nipple between two ball valves 1n the ammonia lin e  was 
used to block o f f  a small amount o f ammonia vapor and then Introduce 1t 
Into the a i r  stream. The vessels are temperature controlled by 
c ircu la tin g  water through the jacket.
The two 40 l i t e r  vessels were to be used as Inoculum fo r one of 
the 4,000 l i t e r  vesse ls , 14-B. The 4,000 l i t e r  vessel was to  be used to 
Inoculate the 40,000 l i t e r  fermentor. The physical data fo r  these two 
vessels 1s outlined 1n Table I I I -2 .
These vessels were equipped with a New Brunswick dissolved 
oxygen monitor, automatic pH control employing anhydrous ammonia, 
automatic temperature con tro l, a steam lock on the sample po rt and steam 
jacketed a i r  exhaust. All o f the vessels were connected by hard piping 
which would be steam s te r i l iz e d  p rio r to use. The hard pipe u til iz e d  
diaphragm valves fo r opening and closing the lin e s .
Growth Monitors
All cu ltures were monitored by optical density and base 
consumption and In selected runs Inorganic ortho-phosphate (80) was 
determined by the molybdate-vanadate method. In addition , the actual
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TABLE I I 1-2. PHYSICAL DATA FOP THE SANDOZ FERMENTORS
Vessel
Height
Diameter
Liquid Height
Working Volume
Volume Measurement
A gitator Driver
A gitator Speed
Turbine
No. of Blades 
Di ameter
Dimensions of Blades 
% of Liq. Ht. from Bottom
Aeration
Maximum Flow Rate 
Sparger
14-B 
10 fe e t 
5 fe e t 
7.2 fee t
4,000 l i t e r s  
Tree
10 horsepower 
Variable 0-155 rpm
8 - f l a t  
2 fe e t 
6" x 4.75" 
36
150 SCFM 
One 3/4" nozzle
T-16 
20 fee t 
12 fee t
12.5 fee t
40,000 l i t e r s  
Tree
50 horsepower 
44 or 88 rpm
8 - f l a t  
6 fe e t 
12" x 9.75" 
27
1500 SCFM
3" pipe with 
six  3/4" 
nozzles
% o f Liq. Ht. from Bottom 29 15
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ce ll mass from most glucose cu ltu res was measured by centrifugation and 
drying. Cellulose cu ltures were monitored fo r cellu lose concentration 
by screening the ce llu lose  onto a 200 mesh screen and drying.
Optical density or tu rb id ity  1s an Ind irec t measure o f ce ll 
concentration made by measuring lig h t passing through a suspension of 
solid  p a rtic le s . Samples were d ilu ted  such th a t the tu rb id ity  fe l l  
between 30 and 100 on a K lett Sunmerson F il te r  Photometer with a #66 
(red) f i l t e r .  Glucose cu ltu res were simply d ilu ted  p rio r to measurement. 
Cellulose culture samples were f i r s t  screened and subsequently dilu ted  
and f il te re d  through an 8 micron m ill1pore f i l t e r  to  remove the 
cellulose p artic les  which passed through the screen while allowing the 
ce lls  (which are rods about 1 micron 1n length and 0.8 micron wide) to 
pass through. Cellulomonas has been determined to be 2.5 grams per 
l i t e r  per 1000 K lett Units (64).
Base consumption 1s believed to  be connected to the metabolism 
of the nitrogen source, ammonium su lfa te . I t  1s hypothesized th a t the 
ammonia nitrogen from the ammonium ion portion of the ammonium su lfa te  
is  metabolized to a much, much g rea te r extent than the su lfa te . This 
would generate su lfu ric  acid which must be neutralized. The amount of 
base used to neu tra lize th is  su lfu r ic  acid 1s proportional to the amount 
of cell mass produced. This has been determined to  be 8 to 8.5 
millimoles per gram of c e lls  (64).
The parameters fo r  measuring the growth of Cellulomonas on 
glucose are depicted 1n Figure 111-14 and those for Cellulomonas on 
cellu lose are shown 1n Figure 111-15. The data fo r ce ll dry mass, base, 
and cellulose consumed p lo tted  1n Figures I I 1-14 and 111-15 are 
manipulated such th a t they y ie ld  a pseudo-optical density in order to
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show the co rrela tion  of parameters. The dry cell mass In Figure I I 1-14 
1s taken to  be 2.5 grams/11ter per 1000 K lett Units. The base 1n both 
figures 1s taken as 20 m m oles/H ter per 1000 K lett Units and the 
cellu lose consumed as shown 1n Figure 111-15 1s based on a 5055 conversion 
of ce llu lo se  to  ce ll mass and 2.5 grams/11ter c e lls  per 1000 K lett U nits.
The correla tions show a reasonable amount of s c a tte r .  Several 
optical density  points on the glucose curve fa ll  below the base and dry 
ce ll mass points due to flocculation  which 1s a common phenomenon a t 
points of glucose addition or depletion. Since the substra te  must be 
added In Increments, these points of flocculation and deflocculation 
occur o ften . Another often encountered point of departure from the 
correla tions as shown In Figure I I 1-15 1s the decrease in y ie ld  as 
substra te  lim ita tio n  1n approached.
Appendix C gives a step-by-step description of sampling 
procedure and analysis.
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FIGURE I 11-15. GROWTH PARAMETERS FOR CELLULOMONAS 
ON ALKALI TREATED BAGASSE
CHAPTER IV
RESULTS OF BENCH LAB EXPERIMENTS
Cellulomonas has been shown to  grow well on a lk a li treated  sugar 
cane bagasse (64), however, we wish to  develop c rite rio n  fo r a broader 
process 1n the consumption o f c e llu lo s lc  m aterials fo r  production of 
pro tein . Therefore, 1 t was decided to  choose a purified  material 
(Appendix A) which has a response s im ila r to  several o ther types of 
a lka li trea ted  ce llu lo s lc  m ateria ls. Figure IV-1 shows the sim ilarity  
o f response of four types o f c e llu lo s lc  m aterial: cotton 1In te rs , wood 
pulp, whole bagasse and bagasse p ith . All o f these m aterials had the 
same severity  of a lk a li treatm ent, 0.1 gram of NaOH per gram of the dry 
ce llu lo slc  s ta rtin g  m aterial. The ferm entations, which were carried 
out a t essen tia lly  the same In i t ia l  so lIds loading, had the same 
responses. I t  should be mentioned th a t fo r d irec t comparison these 
data have had the real time frames sh ifted  to  ad just fo r d iffe ren t lag 
times and in i t ia l  ce ll concentrations. Cellulomonas on a ll  of the 
ce llu lo slcs shows a mass generation time between five and six  hours.
This exponential ra te  proceeds to  about 5 grams per l i t e r  where the ra te  
f a l ls  o ff  due to substra te  lim ita tio n . The growth curve on cotton 
U nters f a l ls  o ff  around 3.5 grams per l i t e r  due to substra te  lim ita tion .
Growth on Wood Pulp
As pointed out 1n the in troduction , there appears to  be no 
difference 1n the growth of Cellulomonas on any tested  group of 
a lk a li-trea ted  substra tes Including wood pulp.
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I t  was found th a t a lk a li treatment of 0.1 grams o f sodium 
hydroxide per gram o f wood pulp greatly  Increased the su scep tib ility  of 
wood pulp to  degradation by Cellulomonas (Figure IV-2). The growth 
ra te  on untreated wood pulp showed a seven hour doubling time I n i t i a l ly ,  
but slowed down a t  a ce ll concentration o f about 0.75 grams per l i t e r  
and proceeded slowly to  3 grams per l i t e r .  A typical run on a lka li 
trea ted  wood pulp maintains the exponential ra te  longer and achieves a 
great deal more biomass, In th is  case about 21 grams per l i t e r .  The 
a lk a li treated  wood pulp 1s completely consumable by Cellulomonas while 
only 35 to 40% of the untreated wood pulp 1s d igestib le  by Cellulomonas.
Figure IV-3 shows the amount o f wood pulp solubilized as a 
function of the a lk a li treatm ent sev e rity , N. The data p lo tted  1n th is  
figure were fo r 190°F and a time o f one hour. Data were also obtained 
fo r 250°F and one hour, but they were Identical to the lower 
temperature.
As expected, the amount o f wood pulp so lub ilized  was low, 20% 
maximum, because the wood pulp 1s 88.5% alpha ce llu lo se . This would 
seem to Indicate th a t the Increase In d ig e s tib i li ty  Is  produced by 
reswell1ng and rehydratlng the wood pulp ra ther than del1gn1fy1ng the 
already purified  m aterial.
Physical Pretreatment o f Bagasse
Hargrove's data (37) Indicates th a t beating of purified  wood 
pulp may have a favorable e f fe c t on the consumption o f purified  wood 
pulp by Cellulomonas. The question 1s ra ised , then as to what 
e ffec t physical pretreatm ent might have on a 11gnoce11ulos1c, such as 
bagasse.
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A se t o f shake flask  cultures Was done fo r screening. The 
resu lts  are shown 1n Table IV-1 and Figure IV-4. These re su lts  
Indicate th a t the physical pretreatment alone does l i t t l e  or nothing 
to  Increase the amount o f growth by Cellulomonas. The substra tes which 
were a lk a li trea ted  and those which were both a lk a li trea ted  and beaten 
1n the Valley beater showed the same response 1n shake fla sk s .
These shake flask  runs were folloWed up with sim ila r 7 l i t e r  
runs. The substra tes were beaten bagasse, a lka li trea ted  bagasse and 
bagasse which was both a lka li trea ted  and beaten. The re su lts  of the 
two a lk a li trea ted  substrates are shown In Figure IV-5. The growth 
ra te  on the beaten a lk a li trea ted  material appeared to  drop o ff  around 
500 K lett U nits, however, th is  culture achieved approximately the same 
to ta l amount o f growth as did the a lka li trea ted  m aterial. The path 
a f te r  500 K lett Units 1s questionable. Bagasse, unlike wood pulp, 
becomes very pulpy a f te r  a lka li treatment and beating. This caused the 
fermentor to  be poorly mixed as reflec ted  by the base and sol Ids data 
(Appendix H) being Inconsistent.
The growth 1n the vessel with beaten bagasse 1s not shown, since 
the culture only achieved 608 K lett Units 1n 45 hours. F ifteen percent,
3.5 grams per l i t e r ,  o f th is  substra te  was consumed. This 1s 
approximately the same amount consumed as would be consumed i f  1 t were 
not beaten a t  a l l .
From th is  1 t 1s concluded th a t physical pretreatm ent alone does 
l i t t l e  or nothing to Increase the d ig e s tib ility  of bagasse by 
Cellulomonas. A chemical pretreatment to break up the H gno-cellulose 
complex 1s absolutely required to  render bagasse d ig estib le  by
TABLE V I-1. PHYSICAL AND CHEMICAL PRETREATMENT OF BAGASSE
Time (hours) 9 IIH
Untreated 72 K.U. 87 K.U.
Alkali Treated (N=0.1) 110 154
Beaten 84 102
Alkali Treated (N=0.1) 102 136
and Beaten
Ball Milled 87 99
14*5 18 23 35
95 K.U. 103 K.U. 126 K.U. 163 K.U
243 410 620 780
111 129 152 187
234 380 630 795
130 163 233 274
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Cellulomonas. I t  should be f a i r  to assume th a t th is  same re la tionsh ip  
with Cellulomonas would hold true fo r any Hgno-ce1lu1os1c compound.
Bagasse Pith
The Valentine Paper Company o f Valentine, Louisiana, makes paper 
from sugar cane bagasse. Since only the f ib e r  portion, about 2/3 of 
1 t ,  1s su itab le  fo r  making paper, the p ith , about 1/3 of the s ta r tin g  
m ateria l, 1s waste. P1th was found to  be an excellent su b stra te  fo r 
Cellulomonas.
P1th 1s more susceptib le to  degradation by Cellulomonas than 
whole bagasse. About 40% of the untreated p ith  1s consumed by 
Cellulomonas, while Irwin (64) reported only about 15% of the whole 1s 
consumed. Since the p ith  makes up only about 1/3 of the to t a l ,  th is  
indicates th a t most of the 15% o f the whole bagasse which 1s consumed 
comes from p ith .
P1th i s  also  more susceptib le to a lka li treatment. On a lk a li 
treatment a t  N o f 0.1 and 250°F, 25 to  30% of the whole bagasse is  
so lubilized  (64). For the same conditions, 40 to  45% of the p ith  1s 
so lub ilized . A fter treatment with N o f 0.07 fo r two hours a t  200°F, 
which so lub ilized  20 to  25% of the p ith , 61% of the a lka li treatm ent 
material was consumed by Cellulomonas. Irwin (64) reported 50 to  60% 
of whole bagasse consumed by Cellulomonas following a lkali treatm ent 
with a sim ila r so lid  y ie ld . Solid y ie ld  1s the fraction o f m aterial 
remaining a f te r  a lk a li treatm ent.
Figure IV-6 shows fo r p ith  and bagasse the rela tionsh ip  between 
the amount of a lk a li tre a ted , washed p ith  consumed by Cellulomonas and 
the caustic  to  so lIds ra tio  from the a lkali treatment. This figure
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re ite ra te s  the Increased su sc ep tib ility  of bagasse p ith  to a lk a li 
treatm ent. All o f the treatm ents 1n Figure IV-6 are a t  25CPF fo r  
two hours.
The large amount of caustic  soluble material and the Increased 
u til iz a tio n  of untreated m aterial Indicate tha t p ith  Is  higher than 
whole bagasse 1n the lower molecular weight polysaccharides, 
hem1-celluloses. By material balance, the fib e r portion o f bagasse 
should contain only about 15 to  20% caustic soluble m aterial a t caustic  
to so lid  ra tio  of 0.1 and only 2 to 52 of the untreated m aterial should 
be u tlH zab le  by Cellulomonas. The f ib e r , however, would contain most 
of the substra te  u tiliz e d  by Cellulomonas 1n the a lk a li trea ted  
bagasse.
Figure IV-7 shows a se rie s  of 7 l i t e r  growth curves on p ith  a t 
three conditions: untreated; a lk a li trea ted , N of 0.05; and a lk a li 
tre a te d , N of 0 .1 . This curve shows s lig h t difference In the a lk a li 
trea ted  pith  conditions. The p ith  trea ted  a t N of 0.05 slowed down 
before the p ith  trea ted  a t N o f 0.1. This 1s due to the le ss  severely 
trea ted  material having more undlgestlble material fo r  the same amount 
of s ta r t in g  m aterial. Both supported a six  hour doubling time up to 
substra te  lim ita tion .
From th is  1 t 1s concluded th a t bagasse p ith  would be an 
acceptable substra te  fo r the growth o f Cellulomonas; however, the large 
losses due to so lub iliza tion  1n the a lka li treatment would make the 
overall y ie ld  very low. The lower caustic requirement fo r th is  process 
would be a positive facto r fo r  the p ith .
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Growth of Cellulomonas on Glucose
The growth of Cellulomonas on a soluble substra te lik e  glucose 
can produce some Important re su lts . Since the metabolic ra te  1s 
fa s te r  on glucose than on ce llu lo s lc  m ateria ls , growth on glucose can 
be used to s tre ss  the system and se t maxima to  compare with ce llu lose . 
Also, glucose cultures can be used to  co rre la te  the analytical 
parameters, since dry ce ll mass can be ea s ily  measured. Glucose 
cu ltures were also used to  determine some o f the metabolic requirements 
of Cellulomonas.
The growth ra te  of Cellulomonas on glucose 1s considerably more 
rapid than on cellu lose (Figure IV-8). Cellulomonas doubles a t  a ra te  
o f about three hours compared to  the five  to  seven hour doubling time 
I t  shows on ce llu lo slc  m aterial. Figures IV-8 and IV-9 show a typical 
growth curve on glucose compared to  a typ ical growth curve fo r 
Cellulomonas on a lkali trea ted  wood pulp. I t  1s noted as typical of 
the standard batch cultures th a t the exponential growth ra te  1s 
replaced by a slower ra te  on glucose a t  5 to  7 grams per l i t e r ,  the 
same as on a ce llu lo s lc  M aterial, desp ite  the addition of fresh 
su b stra te . The exponential ra te  diminishes to  a lin ea r ra te  1n both 
cases. The lin e a r  ra te  on glucose 1s 0.6  to  1.0 grams per l i t e r  per 
hour compared to  0.25 to  0.4 grams per l i t e r  per hour on ce llu lo se . 
Figure IV-9 shows the lin e a r  re la tionsh ip  on the same data as 1n the 
semi-log p lo t, IV-8.
When growing Cellulomonas on glucose, substra te  must be added in 
re la tiv e ly  small quan tities  so as to maintain the glucose concentration 
below a "c r it ic a l point" which 1s between 15 and 30 grams per l i t e r .  
Above th is  "c ritic a l point" the ce ll mass produced 1s decreased and
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the base consumed 1s Increased much lik e  the production of acid ic  end 
products 1n anaerobic growth. I t  1s believed th a t th is  phenomenon 1s 
due to osmotic e ffec t or the Inh ib ition  o f some enzymatic a c tiv ity .
Cellulomonas on Glucose 1n Continuously Fed Batch
As previously s ta ted , one assumes th a t cellu lose hydrolysis 1s 
the primary lim ita tion  to  the growth ra te  and th a t the growth obtained 
1n soluble carbohydrates can be assumed to  be the upper lim it th a t 
could be expected on glucose. In order to  s e t  th is  standard, advantage 
was taken o f the stoichiom etric re la tio n sh ip  between the ce ll production 
and base consumption.
A second p e r is ta l t ic  pump was attached to the pH control systems 
fo r the two 14 l i t e r  fermentors. These pumps were attached to  
rese rv o irs , 2 l i t e r  graduated cy linders, which contained concentrated 
inorganic s a l t  solutions and 250 or 500 grams per l i t e r  glucose. The 
pump ra tes were calibrated  such th a t 5 mil 11 l i t e r s  of the 
glucose-nutrient solution entered the vessel per m i l l i l i t e r  of base,
5 N or 10 N NH^ OH, depending on the amount o f glucose. There were 
three s a l t  solutions used whose compositions are shown 1n Table IV-2.
Two were made up on the basis o f ce ll analyses shown 1n Table I I-2 , 
using the amount found 1n the ce lls  as the amount required, assuming 
8 millimoles of base per gram of c e lls  and a 50% y ie ld  of biomass on 
glucose. The other was se t on the basis th a t one complement of 
nu trien ts can produce 10 grams per l i t e r  of biomass. This solution was 
25 times the normal composition fo r run medium and had 500 grams per 
l i t e r  glucose. At a 5:1 pumping ra te  with 10 N NH^ OH, one complement 
o f nu trien ts and 20 grams per l i t e r  glucose were added per 800 
millimoles of base.
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TABLE IV-2. NUTRIENT PACKAGES FED ON BASE DEMAND 
TO THE SEMI-CONTINUOUS CULTURES
25 Times
Syntex G. E. the Normal Run
Cell Analysis Cell Analysis Medium
9/1 9/1 g/1
KH2P04 4.0 4.0 10.0
KjjHPO^  4.0 4.0 10.0
FeCl3-6H20 0.0167 .3 0.42
CaCl2 0.23 2.0 2.5
MgCl2-6H20 0.42 7.0 5.0
Trace Minerals None None 25 ml/I
(Co, Cu and Zn)
EDTA None None 25 ml/I
Yeast Extract 25.0 25.0 25.0
Glucose 250.0 250.0 500.0
78
Neither ammonium su lfa te  nor sodium chloride was added with the 
n u trien ts . The ammonium nitrogen was replaced 1n the cu ltu re  medium 
by the ammonium hydroxide used fo r  pH co n tro l, and the one gram per 
l i t e r  o f sodium chloride I n i t ia l ly  1n the medium was su ffic ie n t fo r 
the e n tire  run.
Run 72 (Figure IV-10) compared the response using a i r  and pure 
oxygen while pumping th e 'n u trien t package computed from the product 
composition as analyzed by G.E. The re su lts  were Identical Indicating 
th a t the slow down between 5 and 7 grams per l i t e r  was not due to an
oxygen lim ita tio n . Both cultures grew tfo 7 grams per l i t e r  then the
♦
ra te  decreased to  a lin ear type o f growth to 15 grams per l i t e r  where 
the glucose was depleted and the n u tr ien t reservo ir was pumped out.
I t  was discovered th a t pumping the n u trien t package derived from 
the Syntex analysis lim ited the cu lture  to  13 to  14 grams per l i t e r  of 
biomass while pumping the n u trien t package o f 25 times the run medium
produced 1n excess of 20 grams per l i t e r .  Again the paths are sim ilar
1n th a t there 1s a decrease In growth ra te  a f te r  5 to  7 grams per l i t e r  
o f biomass are produced.
Figure IV-12 and Figure IV-13 depict run 74-6, which a ttained  
35 grams per l i t e r  biomass, the highest c e ll density of Cellulomonas 
achieved to  th is  point 1n the Chemical Engineering Department a t  LSU. 
Figure IV-12 shows the exponential nature of the growth up to about
7 grams per l i t e r  and the decrease 1n ra te  a f te r  th a t point.
Figure IV-13 shows the lin e a rity  1n the ra te  a f te r  the decrease 1n the 
ra te  occurs.
These resu lts  Indicate th a t the growth ra te  o f Cellulomonas 
deterio ra tes from the exponential mass doubling ra te  of about 3 hours
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to  a lin e a r  ra te  even though su ffic ie n t oxygen nu trien ts and soluble 
substra te  are available to the organism. The lin ea r ra te  1s about 
1 gram per l i t e r  per hour.
Semi-Continuous Fermentor Operation
In the laboratory the pumping of substrate and n u tr ie n ts , as 
described 1n the proceeding sec tio n , 1s not feasib le  with concentrated 
ce llu lo s lc  m aterial. The ce llu lose  w ill clog up pumps, lin es  o r 
co llec t around the s lig h te s t flow re s tr ic tio n . Since the operating 
stra tegy  fo r  an Industria l p lan t might not be sa tis f ie d  by a continuous 
type of s tra teg y , because of d if f ic u lt ie s  1n separating the product 
from the equilibrium  su b stra te , a type of semi-continuous operation 
was considered. This operation Included the hypothesis th a t a c r i t ic a l  
Cellulomonas concentration ex is ts  above which a cu ltu re on ce llu lose  
1s highly re s is ta n t to  other microorganisms.
Figures IV-14 and IV-15 show the resu lts of bench sca le  
experiments obtained with th is  type of semi-aseptic operation. The 
vessels were loaded and s te r i l iz e d ,  then a fte r  a predetermined period 
of growth, th re e -f if th s  of the vessels ' volume was removed. I t  was 
replaced with unster111zed substra te  and medium and the response was 
monitored. Of th ree vesse ls , one was contaminated from the s t a r t .  A 
portion o f the volume o f one o f the remaining vessels was replaced a t  
2.5 grams per l i t e r  biomass and the other when I t  approached substra te  
exhaustion a t about 9 grams per l i t e r  biomass.
A fter the fresh substra te and nutrients were added, both 
responded with an exponential ra te  s ligh tly  slower than the I n i t ia l  
exponential ra te . A fter the addition , the run depicted 1n Figure IV-14
s
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was d ilu ted  back to  1 gram per l i t e r  and th is  was s u f f ic ie n t fo r  the 
Cellulomonas to  predominate and achieve a mass doubling time on the 
o rd er of s ix  hours. At about 12 grams per l i t e r  o f biomass 1n the 
second reloading the  ra te  slowed despite the presence of 20 grams per 
l i t e r  of wood pulp.
The culture 1n vessel number three was dropped to  3 grams per 
l i t e r  of biomass on the f i r s t  semi-aseptic addition o f substra te  and 
n u tr ie n ts . A generation time o f  about 10 hours was estab lished  up to 
7 grams p e r l i t e r  where flocculation  began as the su b stra te  approached 
d ep le tio n . The optical density  leveled o ff a t 8.5 grams per l i t e r ,  
but based on the so lid s ' disappearance a f te r  th is  p o in t, the base 
consumed and the optical density of the subsequent d ilu ted  cu ltu re , the 
cu ltu re  was probably a t about 10 grams per l i t e r  when the substra te  
expired.
In both cases, the th ird  loading of wood pulp was near 50 grams 
per l i t e r  to  see 1f the exponential ra te  could be maintained. One 
vessel was diluted to  5.5 grams per l i t e r ,  the o ther to  about 3 grams 
per l i t e r .  The 5.5 gram per l i t e r  culture showed no exponential ra te  
in going from 5 to 22 grams per l i t e r ,  while the o ther cu ltu re  was 
exponential from 3 to  7 grams per l i t e r  then slowed down, floccu lating  
a t 12 grams per l i t e r .
This experiment estab lished  the fe a s ib ili ty  of sem i-aseptic 
fermentor operations for short times. The maximum p roductiv ity ,
0 .34 grams per l i t e r  per hour, was achieved in going from 5 to  20 grams 
per l i t e r  a t  a lin e a r  ra te . I t  was also found th a t  an ac tive  culture 
of 1 gram per l i t e r  can overcome non-asept1c reloading and achieve 
ra te s  equivalent to the ra tes  achieved on aseptic loading.
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Air L if t Fermentor
Figure IV-16 shows the re la tiv e  growth of Cellulomonas on 
glucose 1n the a i r  11ft and turbine ag ita ted  fermentor. Run 136-5 was 
done with a i r  flow rates o f 10 to  16 so lid  l i t e r s  per minute. The 
vessel apparently became oxygen lim ited a t  about 2 grams per l i t e r .
Since the dissolved oxygen probe was not 1n use fo r  th is  run, th is  
conclusion was drawn from the .constan t tu rb id ity  coupled with the 
rapidly Increasing base consumption which ind icates neu tra liza tion  of 
anaerobic end products.
Run 147-5 was done a t  higher gas flow ra te s ; therefo re , higher 
superfic ia l gas v e lo c itie s . The a i r  flow ra te s  were 20 to 45 standard 
l i t e r s  per minute, and su ffic ie n t oxygen was supplied to  the culture 
th a t 1 t proceeded to  13 grams per l i t e r  through the same path as the 
7 l i t e r  turbine agitated vessel (142-2).
Operation was begun a t  an a i r  flow ra te  of 20 standard l i t e r s  per 
minute and a superficial gas velocity  o f 8 fe e t per minute. The 
dissolved oxygen concentration f e l l  from 8.5 ppm in i t ia l ly  to  3.2 ppm 
a t  1 gram per l i t e r .  The a i r  flow ra te  was raised  to 35 standard l i t e r s  
per minute, 14.2 fe e t per minute a t  3 grams per l i t e r  and f in a lly  to  45 
standard l i t e r s  per minute and 18 fe e t per minute superfic ia l velocity .
The a b ili ty  of the a i r  l i f t  fermentor to  maintain a three hour 
doubling time on glucose to 5 grams per l i t e r  and to  equal the 
performance of the turbine ag ita ted  fermentor to  13 grams per l i t e r  
coupled with visual qualita tive  mixing experiments with ce llu lo s ic  
m aterial Indicated th a t 10 standard l i t e r s  per minute could keep up to 
30 grams per l i t e r  of wood pulp suspended. This led to the b e lie f  
th a t th is  flow ra te  would support the growth of Cellulomonas on
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ce llu lose . This was found to  be the case as I l lu s tra te d  1n 
Figures IV-17 and IV-18.
Figure IV-17 shows th a t up to  7.5 grains per l i t e r ,  the growth 
of Cellulomonas on bagasse p ith  1n the a i r  11ft fermentor Is  the same 
as the growth 1n the 7 l i t e r  turb ine ag ita to r  on the same substra te .
The growth of the a i r  11ft fermentor run 148-5 was terminated when the 
back pressure 1n the v esse l, due to  the high a i r  flow ra te s , dislodged
a tube and pressured the cu ltu re  onto the flo o r. Up to  th a t point
there was a 6-1/2 doubling time based on K lett measurements.
Figure IV-18 compares run 149-5 on the a i r  l i f t  fermentor to 
run 136-2 on the turbine vesse l. Run 136-2 showed a six  hour doubling 
time to 5 grams per l i t e r ,  then went Into a sta tionary  phase un til 
substra te was added. The exponential ra te  diminished a t  5 to 6 grams 
per l i t e r  where the ra te  slowed down to  a lin e a r  type o f about 
0.25 grams per l i t e r  per hour. The response 1n the a i r  11ft vessel
was identical except fo r the number of substra te  additions. This run
148-5 began to slow down due to  substra te  lim ita tion  a t  about 3 grams 
per l i t e r .  A fter substra te  was added, exponential growth continued to 
5 grams per l i t e r  where substra te  was again added and lin ea r growth of 
0.25 grams per l i t e r  per hour proceeded to  term ination.
The a i r  11ft fermentor on p ith  was run a t  20 standard l i t e r s  per 
minute, a superfic ia l velocity  of 8 fe e t per minute and a back pressure 
of 2-1/2 psig was maintained. The dissolved oxygen concentration was 
maintained a t a l l  times about 6 ppm.
I t  1s concluded from these re su lts  th a t the performance of the 
a i r  11ft fermentor was equal to  the performance of the turbine agitated 
vessel. Since Cellulomonas has a low requirement fo r oxygen when
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growing on a cellu1 os 1c su b s tra te , th is  type of vessel would be Ideal. 
Power requirements are low; the cap ita l Investment Is s ig n ifican tly  
lower as no d r iv e r , s h a f t ,  turbines o r sh a ft seals are required; and 
elimination o f the sh a ft seal elim inates a point o f entry fo r 
contaminants.
Of the th ree main problems encountered 1n operating the 14 l i t e r
bench scale v esse l, two would not present a problem 1n larger equipment.
The location o f the sparger was fixed arid forced the configuration of 
the flow to be up the d ra f t  tube and down the annul us. The diameter 
of the d ra ft tube was too large 1n re la tio n  to  the to ta l volume, but 
th is  was also constrained by the size  o f  the sparger and the mechanism 
used to  hold the d ra f t tube 1n place. The large diameter required 
Inordinately large volumetric flow ra tes 1n order to  keep the system 
aerated.
The th ird  problem was with mixing. A fter s te r i l iz a t io n , when
the so lid  ce llu lo s lc  m aterial was se ttle d  on the bottom of the vessel,
the pockets 1n th is  layer o f m aterial Were d if f ic u l t  to  dislodge. Also, 
the so lid  material tended to  accumulate 1n the narrow spaces in the 
annulus around the pH probe, dissolved oxygen probe and the d ra ft tube 
supports. These problems could be overcome by a ring sparger around 
the outside o f the tube reversing the flow p a tte rn . The location of 
the sparger would locate  the a i r  flow such th a t the stagnant pockets 
would be disrupted and would locate  the turbulent a i r  flow up the 
outside of the tube so as to break up the accumulations previously 
mentioned. Since the Inside o f the tube 1s smooth there should be no 
problem with any s o r t  o f accumulation o f th is  type.
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Phosphate U tilization
The ra te  of phosphate u ti l iz a t io n  was determined 1n the 
Cellulomonas cultures 1n order to  study I t s  e f fe c t on the growth 
response. In the bench scale  v e sse ls , the I n i t ia l  phosphorous content 
1s about 300 milligrams phosphorous per l i t e r .  About h a lf  o f th is  
comes from the phosphate buffer 1n the shake flask  Inoculum.
The phosphorous content o f the  medium 1s not measured as 
accurately as o rig inally  an tic ip a ted . A problem with p rec ip ita te  
formation required a second cen trifuga tion  o f the samples fo r 
determination. One of the phosphate u til iz a tio n  curves 1s p lo tted  
along with the optical density 1n Figure IV-19 Indicating there is  a 
correla tion  as expected between op tica l density and the phosphate 
u ti l iz a tio n . This corre la tion  1s tabulated  in Table IV-3 fo r d iffe ren t 
regimes of several runs. The average assim ilation ra te  1s 20 milligrams 
phosphorous per gram o f biomass produced and the product should be 2% 
phosphrous.
This means th a t the amount o f  phosphorous 1n the run medium can 
support 8 grams of biomass per l i t e r ,  but the phosphorous in a 
complement run medium plus th a t 1n a 10% shake flask  Inoculum can 
support 16 grams of biomass per l i t e r .
In the experiment represented by Figure IV-19, 350 milligrams of 
phosphorous per l i t e r  were added a t  48-1/2 hours when the level 1n the 
fermentor had fa llen  to 60 milligrams per l i t e r .  This addition and 
sim ilar additions 1n other runs appeared to have no e ffe c t 1n improving 
the ra te .
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TABLE IV-3. PHOSPHATE UTILIZATION
Cell Phosphorous
Run Regime Production U tiliza tion
AC a p
(2.5 x 10“3)0D 
Run K letts  g/]___  mg/1
101-3 400-2300 4.8 75
103-2 810-2020 2.3 45
103-2 1800-3725 4.8 100
103-3 34-1680 4.2 80
103-3 2350-4925 6.4 ' 188
103-4 880-2140 3.2 65
103-4 1900-3650 4.4 89
102-2 570-3400 7.1 . 1 7 0
102-2 3200-6400 8.0 140
101-2 380-4600 10.3 210
104-2 600-1560 2.4 64
104-2 1420-4850 8.5 211
Average milligrams o f phosphorous consumed 
per gram of c e lls
A P/AC
m/m
15.7
19.6
20.7
19.1
29.4 
20.6
20.2 
23.9
17.5 
20.4
26.7
24.8
20.0
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Growth Factors
Cellulomonas 1s not able to  synthesize some o f the complex 
organic compounds which are required fo r growth. Yeast ex tra c t, the 
water soluble portion of y east ly sa te , Is known to  supply these 
requirements a t a concentration o f 1 gram per l i t e r .
Choi (73) found th a t y east ex trac t could be replaced by three 
vitamins: thiamine, 5 mg/1; pantothenic a d d ,  5 mg/1; and b lo tln ,
0.2 mg/1.
This se t o f vitamins were found to  y ie ld  the same response in 
a batch system as y east e x tra c t (Figure IV-20). Both systems show a 
six hour mass doubling time up to  about 5 grams per l i t e r ,  then 
the ra te  diminishes. Figure IV-21 represents a se rie s  o f  shake 
flask experiments a t  various levels of these three vitamins. The 
vitamins1 concentrations are shown as percentages of the to ta l vitamin 
package lis te d  by Choi. The growth ra te  appears to  be the same; 
however, the extent o f growth varies as the growth facto rs become 
lim iting up to  0.3%, where the extent o f growth is  lim ited by pH.
Shake flask  experiments lik e  those of Figure IV-21 were employed 
to determine the minimum amounts o f yeast ex trac t and vitamins required. 
This 1s important since these are the most expensive components of the 
medium. Thiamine, pantothenic acid and b io tin  se ll fo r 0.09, 0.20 and 
10.00 dollars per gram, respectively  (95). Bulk yeast ex trac t sold for 
5.25 dollars per pound In 1975 (98).
Figure IV-22 shows the amounts of to ta l growth (optical density 
a t  45 hours) obtained 1n shake fla sk  cu ltures a t  various percentages of 
the to ta l vitamin package, a t  percentages of each of the three vitamins 
with the other two a t  100% and percentages of the to ta l amount of yeast
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ex tra c t. Care was taken 1n handling the vitamins so th a t they were not 
denatured. The only vitamin found to  be destroyed by our standard 
shake flask  s te r i l iz a t io n  was thiamine. None o f the vitam ins,
Including thiam ine, are destroyed by 15 minutes o f steam s te r i l iz a t io n  
a t  low pH (96); therefo re , the vitamins were s te r i l iz e d  separate ly  a t  
pH 2.
I t  was determined from the slopes of the curves 1n Figure IV-22 
th a t 0.08% of the to ta l vitamin package mentioned before w ill support 
1 gram per l i t e r  of biomass. Individually , minimum amounts o f the 
three vitamins were determined as follows: thiamine, 0.08% o f the 
standard o r 4 /ig /1  w ill support 1 gram per l i t e r  of c e l l s ;  b lo tln , 
0.045% of the standard or 0.9 jig /1  w ill support 1 gram per l i t e r  of 
c e l ls ;  and no pantothenic acid appeared to be required. One gram per 
l i t e r  of biomass was produced by 0.06 gram per l i t e r  o f yeast ex trac t.
Figures IV-23 and IV-24 show the resu lts  o f bench scale  
experiments which confirmed the resu lts  of the shake f la sk  experiments. 
Figure IV-22 shows th a t 0.5% b io tin  and thiamine, th a t 1s 0.25 grains 
per l i t e r  thiam ine, 1 gram per l i t e r  b lo tln  and no pantothenic ac id , 
supported 5 grams per l i t e r  of c e lls .  The shake flask data pred icts 
th a t these would support about 6 grams per l i t e r .  One percent b io tin  
and thiamine supported 10 grams per l i t e r  of c e lls .  In a side  by side 
comparison with a 10% blotln-thiam ine package, the ra te  was the same as 
the ra te  with the lower vitamin concentration (Figure IV-23). I t  was 
concluded th a t 0.08 to  0.1% of the b io tin  and thiamine in  the orig inal 
vitamin package would support 1 gram per l i t e r  o f c e lls .
Figure IV-24 shows the extent of growth a t  various levels  o f 
yeast e x tra c t. The shake flasks predicted 4 and 8 grams per l i t e r  fo r
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0.25 and 0.5 grams per l i t e r  yeast e x tra c t, respectively . Actually,
4 and 10 grams of c e lls  per l i t e r  were obtained and the ra te  appears 
to be the same p rio r  to exhaustion o f the v ita l growth fac to rs .
S a lt Reduction In the Product
P rior to  1975, sodium hydroxide had been used fo r pH control In
the bench scale vessels. However, anhydrous ammonia 1s the most
p ractica l m aterial fo r  pH control 1n la rg e r  scale vesse ls , therefore 
the bench vessels were switched to  aqueous ammonia to  b e tte r  simulate 
an actual processing s itu a tio n . When using sodium hydroxide fo r pH 
con tro l, the ammonium su lfa te , 6 grams per l i t e r ,  I n i t ia l ly  In the 
medium Is present 1n order to  sa tis fy  the nitrogen requirement of the 
c e l ls .  On the o ther hand, when ammonium hydroxide 1s used fo r pH 
co n tro l, nitrogen 1s being supplied continuously to  the medium in the 
same proportion as nitrogen 1s metabolized in to  the c e l ls .  Due to th is  
re la tionsh ip  between nitrogen assim ilation and base consumption, the 
ammonium ion content of the medium should remain constant and a low 
in i t i a l  concentration of ammonium s a l t  1n the medium should su ffice .
The Chemical Engineering medium also  contains 1 gram per l i t e r
sodium chloride which based on shake flask  extinction  experiments, 
s im ila r to  the ones done on vitamins, was not required 1n th a t amount.
I t  was postulated th a t by deleting  the I^HPO  ^ and replacing i t  
with Na^HPO ,^ the amounts of potassium, according to  Syntex product 
analysis (16), and o f sodium supplied should be su ff ic ie n t fo r cell 
growth. This medium, designated Engineering II (see Appendix B), was 
tested  fo r growth response along with the normal medium, Engineering I . 
Figure IV-25 shows the re la tiv e  growth of Cellulomonas on these two
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media. There appeared to be no s ig n ific an t d ifference 1n e ith e r  the 
ra te  or the amount o f growth supported.
The significance o f th is 1s twofold: medium cost and cost of 
recovery. The cost o f the medium would be affected  1n th a t KgHPO^  1s 
comparatively expensive and d if f ic u lt  to  obtain 1n commercial grades.
Due to  these fac to rs , 1t 1s a must to elim inate K2HPO4 from the medium
prio r to any extensive commercial or semi-commerclal work being done.
1
The decrease 1n s a l t  content 1n the medium, 6 grams per l i t e r  to 1 gram 
per l i t e r  ammonium su lfa te  and elim ination o f 1 gram per l i t e r  sodium 
chloride, would make recovery s ig n ific an tly  le ss  costly  fo r product 
u ti l iz a tio n s , such as a ruminant feeding supplement. The so lid  
material in the culture medium could be concentrated 1n a desludging 
centrifuge then carried d irec tly  to  spray drying. The product would 
contain some undigested cellu lose which would be u til iz e d  by the 
ruminant, a moderate amount of s a l t  which also  could be u til iz e d  in the 
rumen i f  d ilu ted  with a forage and the high pro tein  c e lls .
The lim ited data available fo r desludging o f the culture medium 
(Chapter V) shov/s th a t a 90% mass recovery and 75% volume reduction of 
a 15 gram per l i t e r  cu lture would be fe a s ib le . This would mean tha t the 
Engineering II product would contain 0.0167 pounds of s a l t  per pound of 
ce lls  versus 0.12 pounds o f s a l t  per pound o f c e lls  fo r Engineering I .
Problems Associated with This Process
There are a g reat many problems surrounding the production of 
single cell protein from cellu lose . The ch ief problem, however, is  tha t 
of microbial encroachment.
For some unknown reasons, Cellulomonas, a t low concentration, is  
p a rticu la rly  sensitive  to the presence of o ther organisms. Logically,
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one would assume th a t the substra te  would make the system highly 
sp e c if ic , but th is  was not found to  be tru e . Contaminants found to be 
detrimental were of four general types, but no sp ec ific  determinations 
were done. These four types were (1) members o f the genus B acillus,
(2 ) members of the genus Pseudomonas, (3) gram positive cocci, possibly 
a species o f Staphylococcus, and (4) gram positive rods which do not 
form spores. These determinations were made by streaking s te r i le  
samples on nu trien t broth agar o r Pseudomonas F agar. These organisms
i
have e ith e r  a s trik ing ly  d iffe re n t morphology or grow Into v is ib le  
colonies 1n 20 to 30 hours, while Cellulomonas requires 36 to 48 hours, 
therefore th is  group may be only the most obvious.
The ch ief contributor to  the contamination problem 1s the 
a lk a li trea ted  ce llu lo slc  su b s tra te . I f  th is  m aterial 1s stored fo r a 
few months p rio r to use, 11 1s Increasingly d i f f ic u l t  to  s te r i l iz e .
The material probably builds up a microbial population o f such 
magnitude 1n the gross s tru c tu re  o f the ce llu lo se , where they are 
su ffic ie n tly  protected, th a t a few may survive s te r i l iz a t io n . All of 
the organisms noted as detrim ental were e ith e r  spore formers o r 
produced copious quan tities of capsular m ateria l, which add protection 
to  the organism. The best procedure was found to  be the use o f 
fresh ly  trea ted  m aterial, which was re frig e ra ted  p rio r  to  use.
The feeling was th a t the yeast ex trac t in  the medium was 
prim arily responsible for the problems o f contamination. Yeast ex tract 
provides a spectrum of organic substra tes capable of supporting many 
types o f organisms. This was not found to  be the case. The cultures 
on cellu lose and vitamins which supports only a lim ited number of
107
organisms, became contaminated more frequently than the yeast ex tract 
cu ltu re s .
The most probable reason fo r th is  1s resistance of cellu lose to 
s te r i l iz a t io n . The most e ffec tiv e  means fo r s te r i l iz in g  cellu lose 1s 
the 2-4-2 Tyndall1zation, th a t 1s two hours of heating a t  250°F 
followed by four hours of ag ita tion  and ae ra tio n , then two more hours 
of heating. With the yeast e x tra c t, there 1s substra te  which allows 
the remaining viable organisms to vegetate during the four hour period 
of ag ita tion  and aeration . In ce llu lose  vitamin cultures the lack of 
substra te prevents those organisms, which are attached to the cellulose 
and survive the two hour s te r i l iz a t io n ,  from becoming vegetative, and 
consequently, some of them can also survive the second s te r i l iz a tio n . 
After Inoculation, these organisms begin to grow on the by-products 
of Cellulomonas.
Another problem was the periodic p u rifica tio n  o f  Cellulomonas, 
which also produces capsular m aterial on rich  medium. The technique 
employed was se ria l d ilu tion  of a cu ltu re  in screw capped te s t  tubes 
containing shake flask  medium and a f i l t e r  paper s t r ip .  The cultures 
were d ilu ted  to the point th a t only one or two tubes per ten showed 
growth by breaking the f i l t e r  paper s t r ip .  This procedure took about 
5 days. The tubes which showed growth were used to begin fresh s lan ts .
CHAPTER V
PILOT AND SEMI-COMMERCIAL PLANT OPERATION
The aim of the ongoing research here a t  LSU 1s to  adapt the 
bench scale process fo r  fermentation of cellu lose  to  a commercial 
f a c i l i ty .
The LSU Single Cell Protein P ilo t P lant
This f a c i l i ty ,  which 1s described In Chapter I I I ,  was moved 
Into the LSU Chemical Engineering Department 1n the spring of 1974.
This vessel was operated o r operation was attempted eleven times 
during the f a l l  of 1974 by the group a t  LSU. Only two of these runs 
could be considered successful (Figures V-l and V-2).
The f i r s t  attem pt, a te s t  batch, was the smoothest. The vessel 
was s ta rted  1n batch with about 18 grams per l i t e r  a lk a li trea ted  wood 
pulp. Growth continued u n til about 6.5 grams per l i t e r  c e lls  were 
obtained and the vessel was shut down to t e s t  the harvesting procedure.
The second successful run was a semi-batching operation, which
Drs. Irwin and Fleenor performed to  obtain c e lls  fo r the Bechtel
Corporation to use as samples to prospective Investors.
The semi-batching was accomplished by loading and s te r i l iz in g
the vessel in the standard manner. A fter the vessel had achieved
substra te exhaustion, the volume was reduced to  the level of the sample 
port by gravity flow through the sample po rt. This amounted to 275 
l i t e r s  or 40% of the to ta l volume o f the vessel. The vessel was then 
re f i l le d  with 275 l i t e r s  o f run medium, which contained 10% of the
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normal amount of yeast ex trac t as th is  n u trien t 1s qu ite  expensive and 
1n low supply a t  the time, and enough cellu lose to  make the 
concentration 25 to 30 grams per l i t e r .  This reloading process was 
carried  out four times.
The In i t ia l  batch proceeded a t  a generation time on the order 
of seven hours to 2100 K lett Units to what appeared to be a lin e a r 
r a te ,  90 K lett Units per hour, to 3300 K lett Units. The reloading 
showed less  response from 90 K lett Units per hour down to  50 K lett 
Units per hour. This 1s probably due to continual depletion of the 
yeast ex trac t from the medium.
The volumetric production effic lenders (VPE) fo r the reloadings 
were 0 .21, 0.17, 0.22 and 0.13 grams per l i t e r  per hour, respectively . 
This run Indicates th a t Cellulomonas can be produced from cellu lose  in 
a semi-continuous, non-asept1c fashion fo r several days without 
building up su ffic ie n t contamination to shut o ff  the growth of the 
system. I t  1s possible th a t the slower ra tes than usual during the 
reloaded runs are due to  contamination; however, i t  seems more lik e ly  
th a t the yeast ex trac t was depleted by d ilu tion  and u t i l iz a tio n .
The Sandoz Semi-Commercial Run
During the period of May 26 to  June 14, 1975, a se rie s  of 
attempts to produce a quantity of c e lls  su ff ic ie n t to do feeding 
t r i a l s  were made. These were carried  out a t  the Wasco, C alifornia 
f a c i l i ty  of Sandoz, Inc.
The original plan was to grow the Cellulomonas on glucose 1n 
the 40 l i t e r  and 4000 l i t e r  fermentors and on 20 gram per l i t e r  wood 
pulp in the 40,000 l i t e r  vessel. The product would be recovered on
112
I
a desludglng cen trifuge, washed, k illed  by heat shocking, recentrifuged 
and dried by a spray d r ie r . In theory 880 pounds of ce ll mass would 
have been produced.
There was a g reat deal of d ifficu lty  1n getting  an Inoculum 
on glucose due to contamination by a B acillus. Since the product of 
th is  p lant 1s an active spore of Bacillus thurengensls and since the 
dried product handling and bagging area created a dust of spores 
which contaminated the en tire  p lan t, I t  was not surp rising  th a t seven 
of e igh t 6 l i t e r  Inoculum flasks were contaminated. Greater than 
normal precautions were taken, as the lab was equipped with " s te r ile "  
tran sfe r  rooms with laminar flow benches which were equipped with 
f i l t e r s  to s te r i l iz e  the a i r  which flows in to  the immediate tran sfe r  
area and u ltra v io le t lig h ts  to keep the microbial population in the 
room to a minimum a t a l l  times. Undoubtedly, the people who entered 
the room were grossly contaminated with spores.
The one good inoculum was used to inoculate vessel number 50-L. 
A fter about 20 hours of growth, a Bacillus showed up in the 50 l i t e r  
vessel and the run was terminated.
Another problem encountered in th is run and a ll  succeeding 
runs was the s te r i l iz a tio n  of the vessels. The 2-4-2 s te r i l iz a t io n  
which had been successfully  used fo r cellulose media in the lab and 
the LSU p ilo t plant was used a t Sandoz. However, the heat fo r 
s te r i l iz a tio n  was supplied by in jecting  steam through the a i r  system, 
a more d irec t method than in  any situation  encountered previously.
This presented two problems: (1) the condensing steam made volume 
projections d i f f ic u l t ,  and (2) the line  steam stripped away some of 
the components of the s a lts  medium, specifica lly  the pH dropped from
113
the range of 6.6 to  6.8 to the range of 4.0 to 4 .5 , Indicating the loss 
of ammonia.
Additional precautions were taken 1n the laboratory. The 
Inoculum was grown on wood pulp, the tra n s fe r  room was washed with 
d is in fec tan t and only one person, who had thoroughly bathed, washed 
his h a ir and was clad 1n freshly  laundered clo th ing , entered the room 
to  s e t  the inoculum. All of the eigh t inocula were pure.
At th is  point 1 t was agreed th a t the only possible hope fo r 
success was to  s h i f t  from glucose to  wood pulp fo r the en tire  operation. 
These runs are depicted in  Figures V-3, V-4, V-5 and V-6.
Vessels T-30 and 50-L were reinoculated with the inoculum 
grown on wood pulp. Growth proceeded In 50-L a t  a 5-1/2 hour doubling 
time to  325 K lett U nits, then optical density ceased to  increase.
T-30 grew more slowly, an 8 hour doubling time, to  160 K lett Units.
The op tical density stopped Increasing fo r  no apparent reason; however, 
50-L continued using base a t a p re tty  good ra te . The Bechtel personnel 
decided to  proceed with the Inoculation o f the 4,000 l i t e r  fermentor, 
14-B, with 50-L. This vessel achieved 680 K lett Units in 48 hours from 
a s t a r t  a t  about 3 K lett U nits; however, the ra te  appeared to  slow down 
near the end. A contaminant was discovered on streak  p la tes . The 
colonies showed a fluorescen t, green, water-soluble pigment ind icative 
of the genus Pseudomonas. The source of th is  contaminant is  unknown.
The growth ceased and the pH rose from 6.6 to 7.5 a f te r  1 gram per 
l i t e r  of y east ex trac t was added. This would Indicate th a t the 
Pseudomonas was responsible fo r cessation of growth a f te r  the 
inoculation of 14-B.
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One fermentor, 50-L, was reinoculated as soon as 1 t could be 
remade. I t  reached 780 K lett Units a t  a seven hour doubling time, then 
1t showed only 100 K lett Units In the next four hours. The vessel was 
shut down. This vessel showed a few B acillu s, but th is  1s a common 
occurence and many times the Cellulomonas w ill predominate since the 
environment is  b e tte r  fo r 1 t. This cu ltu re  also  suffered a mild pH 
shock during a power fa ilu re  a t  the p lan t and .th is could have resulted 
in a temporary setback. The decision to  shut down was based on
economic considerations. At $2,500 per day 1 t was not feasib le  to
continue th is  run with such an uncertain fu tu re .
At th is  point Dr. V. R. Srinivasan entered with his experimental
organism, mutant LC-10. Dr. Srinivasan had iso la ted  th is  organism to 
grow without yeast ex trac t on a complex o f three vitamins (Chapter IV). 
Dr. Srinivasan brought two cu ltu res from LSU to  be used as inoculum. 
T-30 had no appreciable growth. Streak p la tes showed th is  inoculum 
to  be contaminated with a coccus s im ila r in appearance to  the type 
discussed in Chapter IV. The ferm entor, 50-L, obtained 600 K lett Units 
a t an eight hour doubling time then appeared to  slow down. Whether or 
not growth had actually  stopped 1s questionable, but studies simulating 
th is  system 1n the Chemical Engineering Department a f te r  the Sandoz 
experiment indicated th a t the re s u lt  was a ll  th a t might have been 
expected with th is  system a t  th a t tim e.
In summary, th is  venture seems i l l  prepared. After we arrived 
and had begun leasing the p la n t, the Sandoz people were making 
modifications to the plant which were supposed to have been finished 
before our a r r iv a l. We were surprised by the severity  of the 
s te r i l iz a tio n  and probably less  severe conditions would have less
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served the purpose. Bench scale simulation o f the Wasco s te r i l iz a tio n  
indicated th a t the drop in pH was not in i t s e l f  detrim ental.
Figure V-7 represents two levels of s te r i l iz a t io n ;  the 2-4-2 live  steam 
s te r i l iz a tio n  and a s ing le , 1/2 hour liv e  steam s te r i l iz a t io n  (Run 85). 
Even though the pH fe ll  from 6.8 to 3.8 during the s te r i l iz a t io n , 
both appear to  be su ffic ien t and neither detrim enta l, however these 
simulations were not to ta lly  like  the Sandoz vessels as the container 
was not ag itated  except by the bubbling steam. A vessel with good 
mixing and therefore good contacting between the ce llu lose  and the 
medium probably could be s te r iliz e d  in a sh o rte r tim e. A cylinder of 
anhydrous ammonia from the Sandoz run was shipped to  LSU and tested .
I t  appeared to  work as well 1n the bench equipment as the bases to 
which i t  was compared.
Economic considerations forced us to give up on some runs with 
a p o ss ib ility  of success, as i t  required a g reat portion o f the time to 
overcome the generally gross conditions in side the p lan t. Had we been 
able to  go in to  the plant e a r l ie r  and make some experimental runs on 
50-L and T-30, which were not used in the normal operation of the p lant 
and could have been run without disrupting p lan t a c tiv i ty , i t  may have 
been possible to  iron out some of the problems.
The Oak Ridge Fermentation
In August of 1975, another run was made on a p ilo t scale vessel 
a t the Oak Ridge National Laboratories 1n Oak Ridge, Tennessee. The 
purpose of th is  run was to produce and recover a few pounds of product, 
to check some hypotheses developed on the bench equipment and to assess 
the Sandoz fa ilu re . I t  was believed th a t th is  fa ilu re  was due to
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e ith e r  the Sandoz equipment or the operation of th is  equipment and not 
to the microbial system. A successful run on the Oak Ridge vessel 
would prove the In teg rity  o f the microbial system.
The plan was to run the vessel s im ila rly  to run 7-82-3 
(Figure IV-15) where the vessel Is loaded,and run asep tlca lly  to 
substra te exhaustion, a portion o f the Volume harvested, and the vessel 
reloaded with unsterllized  wood pulp and medium.
The 350 l i t e r  fermentor was loaded with our standard run media 
and about 9.5 kilograms (dry weight) of a lk a li trea ted  wood pulp. The 
fina l volume was about 380 l i t e r s  and the ce llu lose  concentration about 
25 grams per l i t e r .  The vessel was inoculated with 27 l i t e r s  of a 
cu lture which was about 2600 K lett Units. The inoculation was carried  
out by pumping through the sample port. This proved to be d if f ic u l t  
due to plugging of the sample valve with ce llu lo se .
In the f i r s t  10 hours of the run, some Bacillus contaminants 
were noted. During th is  period, the generation time was seven to eight 
hours. A fter 10 hours, the Bacillus was no longer v is ib le  on a simple 
s ta in  and the generation time picked up to s ix  to  seven hours. This 
ra te  was maintained to  4200 K lett Units. From a very crude ana lysis , 
the cellu lose concentration a t  th is  point was about 1 gram per l i t e r .  
This portion of the run was terminated at<4200 K lett Units which was
33.5 hours a f te r  inoculation.
After 20 hours, a dissolved oxygen system was hooked to the 
system and from th a t point dissoived oxygen data was gathered.
At 33.5 hours, 280 l i t e r s  of material were removed from the 
fermentor. An additional 25 grams per l i t e r  (dry weight) unste rilized  
a lka li trea ted  cellu lose and a fu ll complement of unste rilized
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nutrien ts were added. The volume was brought to  350 l i t e r s .  This 
culture maintained a nine hour generation time from 1100 K lett Units to 
5500 K lett Units where 1t slowed, probably because of substra te  
lim ita tio n . The fin a l concentration was 6200 K lett Units a t  70 hours. 
There was less than 1 gram per l i t e r  (dry weight) of cellu lose 
remaining.
In the f i r s t  growth period, 10 grams per l i t e r  (dry weight) of 
c e lls  were produced from the 280 l i t e r s  which were harvested a t 
about 10.5 grams per l i t e r  (dry weight) o r c e l ls ,  or a to ta l of 
2.9 kilograms (dry weight) o f c e lls . In the second growth period
12.5 grams per l i t e r  (dry weight) of c e lls  were produced. The 
50 l i t e r s  in batch two attained  about 15.5 grams per l i t e r  (dry weight) 
of c e lls .  This gave a to ta l of 5.4 kilograms (dry weight) of c e lls .
The to ta l c e lls  produced from both runs was 8.3 kilograms (dry weight).
As shown 1n Figure V-8, th is  run tracked along perfectly  with 
the bench scale run 7-3-82 indicating th a t scale-up to  the type of 
vessel used a t  Oak Ridge can be made well from Bench Scale Data. The 
ra te  1n the non-asept1c portion maintained an exponential ra te  
( td = 10 hours) up to 5500 K lett Units (13.75 grams per l i t e r )  where 
the substra te  was exhausted. This amounts to  a volumetric production 
efficiency of 0.53 grams p e rU te r-h o u r. In the bench scale vessel, the 
VPE fo r the second reloading fe ll  to 0.36. This VPE 1s in the same 
range as the 0.4 grams per U ter-hour found by Irwin (64) fo r a 
semi-continuous, asep tic  fermentation on bagasse. I f  the ra te  Is 
maintained through several more generations, the semi-continuous 
non-aseptic process has the advantage th a t a post fermentation could 
be used to deplete the substra te . This should re lieve  some o f the
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t
recovery problems Involved 1n separating the so lid  substra te and the 
so lid  c e lls . A portion o f the c e l l s ,  3.5 pounds, were recovered by 
cen trifugation , 1yoph111zed and returned to campus.
O verall, the success o f th is  run points out the necessity fo r 
the process being carried  out 1n the proper manner using f i r s t  ra te  
equipment which maintains I t s  In teg rity . I f  these conditions are met, 
the microbial system 1s capable o f reproducing the bench scale resu lts  
1n la rger equipment.
Recovery of Product
The product made 1n the LSU p ilo t  p lant was acid flocculated 
and recovered on a Sharpies centrifuge which has a four Inch diameter 
so lid  bowl and operates a t  15,000 rpm. This centrifuge w ill c la r ify  
only about 15 l i t e r s  o f 12 grams per l i t e r  Cellulomonas. The 
centrifuge must then be shut down and the c e lls  removed by scraping 
them from the w all. Many organisms w ill form a nice p e l le t ,  but 
Cellulomonas spins down to  a soupy paste . This may be due to the 
formation o f some type o f capsular m aterial (97).
D ifficu ltie s  were also encountered in recovering the product 
a f te r  production o f the ce lls  a t  Oak Ridge, s im ila r to  the d if f ic u lt ie s  
which have been encountered with the so lid  bowl equipment on campus.
At Oak Ridge, 3.5 pounds o f dry product were recovered on two 
Sharpies AS26NP so lid  bowl cen trifuges, which spin a t 15,000 rpm. The 
product was dried by lyoph111zat1on.
The 280 l i t e r s  of m aterial from batch number one were placed in 
p la s tic  drums and l e f t  overnight in a refrige ra ted  room to allow the 
residual cellu lose to s e t t le  to  the bottom. The material appeared to
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have three s tra ta :  ce llu lo se , flock and a d ilu te  ce ll suspension. The 
centrifuges would p e lle t  only a small amount of the organism before the 
material began to pass through unaffected. At th is  point the bowl had 
to  be removed, cleaned and replaced 1n the centrifuge. The product was 
washed one time with tap w ater. The cen trifugate required several 
recycles through the centrifuge to  recover a substantial portion of the 
product; therefore , I t  can be seen th a t th is  1s a long and laborious 
process, and th a t 1s the reason th a t such a small amount o f the en tire  
product was recovered. Small ce llu lose  p a r tic le s , which were mixed 
with the c e l ls ,  accumulated near the feed point of the bowl. This was 
separated v isually  when cleaning the bowl, therefore the product should 
have a low cellu lose content.
At Oak Ridge a small amount of data (Table V-2) was obtained on 
a p ilo t scale Westphalia continuous desludglng centrifuge o f the type 
used In a commercial f a c i l i ty .  The centrifuge was a Westphalia 
SA0A-SA00H-205 which operates a t  10,000 rpm and about 14,000 times the 
force of gravity .
The centrifuge was fed with 15.5 grams per l i t e r  culture a t  flow 
ra tes from 460 to 770 m ill11 i te r s  per minute. The cycle time (time the 
bowl is  fed before 1 t empties) and the discharge time (time tha t valve 
is  open for the bowl to  empty) were varied from 1 to  5 minutes and 0.5 
to  1 minute, respectively .
I t  was noted while disassembling and cleaning the centrifuge 
th a t cellulose had accumulated along the wall of the bowl taking away 
sludge volume. This ind icates the need fo r cellu lose removal a t low 
centrifugal force before in troduction Into the final centrifuge. I t  
should also be noted th a t the tim ers controlling the desludglng were
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faulty  and might have been a contributing fac to r to the d iff ic u lty .
This coupled with the lim ited  amount o f data r e s tr ic ts  the specific  
conclusions which can be drawn; however, some broad conclusions can 
be reached.
A 90% mass recovery coupled with a 75% volume reduction o r 
b e tte r  seems to  be fea s ib le  with a desludglng centrifuge. This coupled 
with a lower s a l t  medium such as the one suggested 1n Chapter IV could 
eliminate the heretofore necessary step to  wash the product free of 
s a l t .  I f  25% of the standard medium were dried with the c e lls ,  the 
product would be 12% s a l t  compared to  1.6% with the new medium.
TABLE V-l
RECOVERY OF CELLULOMONAS ON WESTPHALIA
Vol FR 
feed 
ml/min
OD 
feed 
x 100
00 
sup 
X 100
00 
Sludge 
x 100
C(g/1)
feed
(1)
C(g/1) C(g/1) Vol FR 
sup Sludge sup 
(1) (1) ml/min
750 61 32 197 15.2 8.0 49.3 650
176 120 210 44.0 30.0 52.5
720 62 62 270 15.5 15.5 67.5 670
770 62 44 216 15.5 11.0 54.0 650
750 62 44 195 15.5 11.0 48.8 590
760 62 27 158 15.5 6.8 39.5 480
560 62 32 202 15.5 8.0 50.5 430
500 62 20 260 15.5 5.0 65.0 390
550 62 3.6 150 15.5 .9 37.5 280
**460 62 •48 310 15.5 12.0 77.5 380
590 62 9 250 15.5 2.3 62.5 440
62 1 2 225 15.5 3.0 56.3
Sludge Feed* sup Sludge In 1n Time Time
ml/min g/m1n q/min q/mln Sludge Sludge m1n sec
100 11.4 5.2 4.9 132 49%
( 10. 1)
50 11.16
(13.8) 
120 11.9
(13.63) 
160 11.6
(14.3) 
280 11.8
(13.3) 
110 8.7
( 9.1)
110 7.75
( 9.1)
260 8.53
( 10. 0 ) 
73 7.1
(10.7) 
140 9.2
( 9.8)
* These are based on optical density of the feed and the calculated flow ra te . The numbers 1n parentheses are from the 
mass balance, the sum of the next two columns.
** Data probably in e rro r
(1) 0.0025 times the optical density
10.4 3.4 7% 25% 5 1
7.15 6.48 16% 48% 2 1
6.5 7.8 21% 79% 1 1
3.3 11.06 37% 83% 0.5 1
3.6 5.56 20% 61% 2 1
2.0 7.15 22% 79% .. 2 0.75
0.3 9.75 47% 97.5% 1 0.75
5.0 5.7 i6% 53% 1 0.5
1.0 8.8 24% 90% 1 0.6
CHAPTER VI
OXYGEN TRANSPORT IN CELLULOSE CULTURES
Oxygen 1s required fo r the growth of aerobic organisms. The 
oxygen 1s necessary as the fin a l electron acceptor, a f te r  a number of 
energy conserving steps 1n the oxidation of the substra te  to  drive the 
metabolic reactions o f the c e l l .
The amount o f oxygen required 1s a function o f the degree of 
oxidation o f the substra te  and to  a le sse r  extent by the p a r tic u la r  
metabolic requirement o f the organism. Wang (22) points out th a t an 
organism growing on a carbohydrate substrate requires 1 gram of oxygen 
per gram of c e lls  produced. A n-alkane requires 3.3 grams o f oxygen 
per gram o f c e lls  and methane 5 .5 . For a culture of 15 grams of c e lls  
per l i t e r  growing a t  a three hour mass doubling tim e, 108, 356 and 
540 millimoles o f  oxygen per l i t e r  of cu lture per hour must be supplied 
fo r carbohydrate, n-alkane and methane, respectively .
The purpose of the experiments undertaken 1n th is  work was to 
determine what e f fe c t ce llu lose  would have on the a b i l i ty  o f the mixing 
vessel to  make oxygen availab le 1n so lu tion . This Information 1s 
essen tia l to  the determination of any so rt of reac to r design.
Oxygen Transport 1n Microbial Cells
The film  model devised by Arnold and Steel (84) has c la ss ic a lly  
been used to  evaluate gas transport 1n fermentation processes. This 
theory 1s shown 1n Figure VI-1 .
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VKS
\
Liquid poth 
1tK*
Supply $ld* -Demand side
FIGURE VI-1. ARNOLD AND STEELE 
FILM DIFFUSION MODEL (84, 13)
1 /k j -  resis tance  in  bulk gas
l /k 2 -  resis tance  on gas side o f in te rface
1/kg -  resis tance  on medium side o f in te rface
1/k^ -  resis tance  o f bulk medium
l/k 5 - resis tance  a t  cell-medium In terface
1/kg -  in tra c e llu la r  resistances
1/ky -  ra te  o f assim ilation of 02 by c e llu la r  enzymes
In terms of an overall mass tran sfe r co e ff ic ien t, the amount of 
dissolved oxygen is  dependent upon the absorption from the bulk gas 
and removal by the c e lls .
Cl is  the dissolved oxygen concentration in the medium
C* is  the concentration of oxygen in equilibrium with 
9 the bulk gas a t  pQX.
Nqx = ^ ( C *  - CL) (absorption)
N^ x = K^Y (C  ^ - C*) (removal)
(VI-1)
(V I-2)
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Cg 1s the concentration 1n equilibrium  with the surface of 
the enzyme. This 1s an In tr in s ic  property of the organism.
In order to design equipment to  supply oxygen, one needs to know 
how much oxygen 1s required and the d if f ic u lty  of supplying oxygen to 
the organism. I t  1s a good assumption th a t the absorption from the 
bulk gas stream controls the supply o f oxygen to  the organism.
Determination of K^ a w1th Dissolved Oxygen Probe
The evaluation of Kj_a from the bulk gas to  the liqu id  can be 
accomplished with a rapid response dissolved oxygen e lectrode , such as 
the Instrumentation Laboratories IL-530, which was used 1n th is  
research. There are two methods fo r evaluating Kj_a by the tran s ien t 
unsteady s ta te  response which were considered and outlined here.
The f i r s t  method fo r  th is ,  Bandtyopadhyay e t  al 1n 1967 (86), was 
developed by depriving the system of a i r  fo r  a sh o rt period during the 
fermentation process. For the non-gassing s itu a tio n
d t
and when aeration 1s begun again,
dt
r  1s the resp iration  ra te
- CL) -  rx .
time - wt. of
moles oxygen
organisms
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This means th a t to estim ate K a , (C* -  C ) must be estimated.
U L L
To do th is ,  two assumptions are made.
1) The probe measures the bulk average oxygen concentration,
2) CL can be represented by some mean value.
Helneken (87), and Robinson and Wilke (88) Independently applied 
the one-dimensional F1ck equation to  the probe membrane. This solution 
1s c lassica l and can be found 1n Carslaw and Jaeger (82) or in 
Crank (83).
(VI-3)
For absorption
I.C. t  = 0 C = 0m
B.C. x = 0 C = 0m
X = L C = f ( t )
m
f ( t )  = SPt Yj £l-exp(- f lt) |
K, a
B = ------------ ^-------    (VI-4)
1 +
’ H Q
C„, 1s the concentration of oxygen in  the membrane 
L 1s the thickness of the membrane
Y 1s the mole fraction  o f oxygen 1n the gas
Y* 1s the mole frac tion  of oxygen in the gas in  equilibrium 
with CL
Pt  1s the to ta l pressure
D 1s the d1ffus1v1ty o f oxygen 1n the membrane
V is  the liqu id  volume
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H 1s Henry's law constant
Q is  the volumetric flow ra te  o f gas
S 1s the so lu b ility  parameter fo r oxygen 1n the membrane.
For desorption
I.C. t  * 0 Cm = SHC*(x/L)
B.C.
x = L
x = 0 C » 0
C s g (t)
The response of the probe E (t) 1s given by the following
E(t) = A-B-N * Kg ^ ( t )
A 1s the surface area fo r oxygen diffusion to the membrane
B Is the gain fac to r to  convert probe amperage to  recorder 
voltage
N 1s the flux of oxygen through the membrane
K Is proportionality  constant between the recorder scale and 
9 the dissolved oxygen concentration.
With the solution o f the Flck equation the response of the probe 
Is given as follows.
For absorption
(VI-5)
For desorption
E (t) = Kg <J/(t) (VI-6)
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  (Aft?) ,L ex p (-flt)
(VI-7)
I f  these equations are f i t te d  by non-linear le a s t squares to
obtained from ca lib ra tio n  data going from a i r  saturated water to  
nitrogen sa tu ra ted  water or vice versa, where
1) I t  is  d i f f i c u l t  to determine the time when a step 
change takes place. Robinson and Wilke defined th is  
as 10 sec. p r io r  to  the f i r s t  pen movement. Heineken 
obtained th is  from the le a s t squares f i t .
2) At low s t i r r in g  speeds in non-Newtonian suspensions 
and some s a l t  so lu tions, the resu lting  response was 
wavy due to  poor mixing.
3) The non-linear le a s t squares method is  tedious.
Wernau and Wilke (89) presented a method based on the slope 
a t  the in flec tio n  p o in t, th a t is  the maximum slope.
2
the response curve, D/L , a measure of the probe response, can be
(VI-8)
Wernau and Wilke (89) point out three weaknesses o f th is
method:
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Desorption
E (t) = K t exp(-flt) . 
sin
00 >n
2 ^  — (r.1?—  exp
n 2 , r 2\
( 4 d _ )
(VI-9)
Adsorption
E (t) * K 1 -
sin  t '
t e x p ( -g t)  
>s
00
-  2
n=l /  2 2 \
exp
(VI-10)
In both cases
*EM
d t
B t  e x p (-flt)
s1 n r
(VI-11)
i m = K  
a t 2 9
2 H - 0 t  
- B  “t  exp p
sin  r  **
• ? t W )
T  j
2 (VI-12)
Where r  * and remembering B -  e tc .)
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2
One can get .dE.(t) f  rom the response curve a t  - d__?L( t). = 0,
a t 2
the Inflection  po in t, and simultaneously solve for $  and t .  This 
method 1s Independent of the time a t which the step  change is  made and 
the authors claim th a t 1 t 1s good for K^ a from 20-500 hours-1 with a 
probe which had a D/L2 of 21.8 hr’ 1.
Response curves fo r the I.L . dissolved oxygen probe were obtained
by transferring  the probe from a ir  saturated water to  nitrogen saturated 
water. These curves were f i t te d  to equations VI-5, VI-6 and VI-8 using 
a Gauss-Seidel le a s t squares minimization program (93). With 
Helneken's (89) variables D/L2 and tg , Figure VI-2 1s a sample 
ca lib ra tion  response curve, Table VI-1 contains a tabulation  of the 
f i t te d  parameters and the program 1s lis te d  in  Appendix F.
The average value of eigh t ca lib ra tio n s, 4.4 x 10"3 reciprocal 
seconds, was chosen fo r evaluating the mass tran sfe r  co e ffic ien ts .
The ca lib ra tion  program was modified s lig h tly  in  order to  f i t
the experimental response curves for the mass tra n s fe r  co e ffic ien t, such 
as the one in Figure VI-3. This approach proved f u t i le  as the 
calculation was quite unstable. Therefore, the attack  was sh ifted  to 
Wemau's in flec tio n  point method (89).
This method requires the simultaneous so lu tion  o f two non-Hnear 
algebraic equations, VI-11 and VI-12. This was done on the XDS Sigma V 
using the Newton-Balrstow technique (Appendix G). The two equations 
were solved a t  various slopes fo r B and t  (Figure VI-4). This technique 
converged well un til the slope reached about 85 reciprocal hours. In 
th is  region fi is  a weak function of the slope and the solution becomes 
unstable.
1.0
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FIGURE VI-2. SAMPLE CALIBRATION RESPONSE CURVES FOR THE 
INSTRUMENTATION LABORATORIES DISSOLVED OXYGEN PROBE
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TABLE VI-1. RESPONSE PARAMETERS 
FOR I.L . DISSOLVED OXYGEN PROBE #1049
Data Set Operation D/L Tq Variance
(1/sec) (sec) Estimate
1 Gassing In 4.16 x 10"3 10.5 8.5 x 10‘4
2 Gassing In 4.72 x 10’ 3 12.9 1.6 x 10“3
3 Gassing Out 3.71 x 10“3 19.1 2.0 x 10-3
4 Gassing In 4.36 x 10"3 13.8 2.5 x 10"3
5 Gassing Out 3.67 x 10“3 22.3 2.79 x 10"3
6 Gassing Out 4.92 x 10”3 8.2 9.7 x 10“4
7 Gassing In 5.77 x 10"3 10.2 4.7 x 10‘4
8 Gassing Out 2.84 x 10"3 17.8 5.5 x 10'3
_3
Average 4.4 x 10
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FIGURE VI-3. SAMPLE K^a RESPONSE CURVE
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FIGURE V I-4 . SLOPE AT THE INFLECTION POINT VERSUS $
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The mass tra n sfe r  co effic ien t is  calculated from the value of B 
from equation VI-4.
Experiments were carried  out 1n 10.5 l i t e r s  of medium a t  30 C, 2.5 ps1g 
in the fermentor void space and 10 liters/m inu te  a i r  flow ra te .
Pt  = 1.17 atm ,
H = 4.75 x 10^ atm
V = 10.5 l i t e r s  >
Q = 10 lite rs/m inu te
Substituting
The power consumed by the turbine was computed from the voltage 
and current drawn by the D.C. power supply (Appendix E). These values 
were obtained from meters on the power.supply and were corrected fo r the 
power losses in the motor and bearings by subtracting the values 
required to  move the turbine in a ir .
B (VI-4)
B
1 - (2.59 x 10"5)0
Since B in these experiments was always below 500, K a^ was taken as the 
same value as 0.
KLa = 0
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TABLE VI-2* K a^ IN 14 LITER TURBINE AGITATED FERMENTORS
Cellulose A gitator V I Slope
Concentration Speed
9/1 rpm Volts amps 1/hr 1/hr
0 250 40 0.40 37.0 82
325 50 0.47 68.3 274
388 60 0.55 78.8 455
8.0 30 0.33
250 40 0.37 45.6 110
325 50 0.50 61.2 220
388 60 0.55 76.2 395
17.0 250 40 0.36 45.0 110
325 50 0.43 59.4 185
388 60 0.55 74.4 365
19.8 250 40 0.38 45.6 110
325 50 0.43 58.2 177
388 60 0.50 77.4 430
26.0 250 40 0.39 43.8 97
325 50 0.44 57.6 175
388 60 0.53 73.8 347
70 0.65 80.4 500
31.2 250 40 0.40 33.6 62
325 50 0.45 45.6 107
388 60 0.55 58.8 180
70 0.65 80.4 500
39.2 250 40 0.38 19.2 25
325 50 0.43 34.2 62
388 60 0.50 48.6 120
440 70 0.63 56.4 165
510 80 0.82 64.8 230
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The resu lts  of these experiments are depicted In Figures VI-5 
and VI-6. The mass tran sfe r  coeffic ien t drops o ff  sharply with 
ce llu lose  concentration. The drop 1s greater in percentage as the 
power Input goes up. This appears to be due to increasing v iscosity  
which renders the turbines less  effec tive  1n breaking up the bubbles.
Figure VI-6 shows the relationship  of K|_a to  power Input a t 
various cellu lose concentrations. The ra te  drops o ff  slowly up to 
25 grams per l i t e r ,  then drops o ff rapidly between 25 and 40 grams 
per l i t e r .
Below 30 grams per l i t e r  cellu lose the mass tran sfe r  
co e ffic ien ts  a t  power inputs above 10 h .p . per 1000 gallons is  
su ff ic ie n t to support p roductiv ities in continuous cu lture of 0.5 grams 
per l i t e r  per hour a t  the le a s t .  At 40 grams of ce llu lose  per l i t e r ,
15 h .p . per 1000 gallons are required fo r th is  p roductiv ity .
K. 
a(
l/
h
rs
)
143
: : O 7 hp/1000 g a l. 
5 A  11 hp/1000 gal. 
□  15 hp/1000 g a l. 
X 20 hp/1000 g a l.
10 20 30 40
Cellulose Concentration (g/1)
FIGURE VI-5. RELATIONSHIP OF KLa AND CELLULOSE CONCENTRATION
AT VARIOUS POWER INPUTS
^
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FIGURE VI-6. RELATIONSHIP OF Kj_a AND POWER INPUT AT 
VARIOUS CELLULOSE CONCENTRATIONS
CHAPTER V II
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
1. Four ce llu lo sic  su b stra te s , bagasse, bagasse p ith , wood pulp and
cotton 1 in te rs , a lka li tre a ted  a t  the same le v e l, showed the same
growth response with Cellulomonas. They gave an exponential rate
with a five to seven hour mass doubling time up to  5 to 7 grams of
ce lls  per l i t e r ,  then the ra te  decreased to  a lin e a r  ra te  of
0.25 to 0.4 grams per l i t e r  per, hour.
2. Bagasse p ith , a waste m aterial from papermaklng, is  good substrate 
fo r  Cellulomonas when a lk a li tre a te d  a t N of 0.05. Forty percent of 
the untreated pith  1s consumed by Cellulomonas compared to 15$ of 
the whole bagasse. About 15$ more p ith  than whole bagasse is  
so lubilized  a t N of 0.1 and 25% more of the washed a lka li treated  
p ith  than whole bagasse is  u ti l iz e d  by Cellulomonas.
3. Physclally pretreating  bagasse by beating in a Valley beater
produces no improvement over untreated bagasse unless coupled with
a chemical d e lig n ifica tio n . Combined chemical and physical 
pretreatment may s lig h tly  improve the growth, but the consistency 
o f the beaten material adversely a ffec ts  mixing.
4. Cellulomonas doubles on glucose about every three hours up to
5 to 7 grams of ce lls  per l i t e r ,  the same point where the ra te  on
cellu lose decreases, to  a l in e a r  r a te ,  but the lin e a r  rate on
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glucose 1s h igher, 0.6 to  1.0 grams per l i t e r  per hour compared 
to  0.25 to 0.4  grams per l i t e r  per hour on ce llu lo slc  m aterial.
5. Exponential n u tr ien t and soluble substra te  addition, accomplished 
by coupling n u tr ie n t addition to base addition , can be used to 
produce high ce ll d e n s itie s , 35 grams o f c e lls  per l i t e r .  Despite 
having nu trien ts  and soluble substra te  ava ilab le , the growth ra te  
decreased from exponential to  lin e a r a t  about 7 grams of c e lls  
per l i t e r .
6. The decrease in  the growth ra te  a t 5 to  7 grams of ce lls  per l i t e r  
i s  a complex re la tio n sh ip  between the substra te  and the ce ll 
physiology. I t  is  not a lack o f oxygen in the bulk cu ltu re , nor
is  i t  a deficiency o f one of the nu trien ts  in our standard package. 
The occurrence of th is  decrease on glucose indicates that i t  is  not 
en tire ly  a phenomenon o f cellu lose degradation, but the higher 
lin ea r ra te  on glucose Indicates an influence o f the substra te .
7. Cellulomonas can be grown on a semi-continuous basis where the 
in i t ia l  s ta rtup  is  asep tic  and subsequent reloading of the 
fermentor is  done w ithout s te r i l iz a t io n . I t  is  necessary to  re ta in  
su ffic ie n t cu ltu re fo r  the non-asept1c addition to  give the cu ltu re  
an in i t ia l  concentration o f a t  le a s t 1 gram per l i t e r .  Both bench 
and p ilo t scale  equipment can be operated in th is  manner. 
P roductiv ities of up to 0.53 grams per l i t e r  per hour were a tta ined  
on cellulose in  p i lo t  sca le  vessels with the semi-continuous 
operation. I t  was also  shown th a t the fermentation could be 
carried to substra te  exhaustion to f a c i l i ta te  product recovery.
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8. Aseptic conditions are required when batch cultures are begun a t 
low cell concentrations.
9. Cellulose 1s d i f f ic u l t  to  s te r i l iz e  under laboratory conditions 
without a Tynda111zat1on process and even then some complications 
a r ise  due to non-vegetat1on o f those spores which are unable to 
obtain the proper n u tr ien ts .
10. The production of p ro tein  by Cellulomonas from cellulose 1n large 
scale  vessels is  fea s ib le  1f the equipment 1s operated properly
i
and maintains I t s  In te g r ity , as shown by the successful p ilo t scale 
run a t the Oak Ridge National Labs. The fa ilu re  a t  the Sandoz 
p lan t 1n C aliforn ia was due to  mlcrpbial encroachment of the system 
and lack o f good operating stra tegy  fo r th a t p a rticu la r p lan t.
11. Cultures o f Cellulomonas on ce llu lo s ic  material can be grown to 
12 grams o f c e lls  per l i t e r  in  an a i r  l i f t  fermentor a t the same 
ra te  as i s  obtained in the turbine agitated vessel. The a i r  l i f t  
fermentor used in th is  work can keep 30 grams of a lkali trea ted  
wood pulp suspended a t  a d ra f t tube superfic ia l velocity  of 4 fee t 
per minute.
12. Cellulomonas u t i l iz e s  phosphate a t  the same ra te  ce ll mass is  
produced, and the average ra te  of assim ilation 1s 20 milligrams o f 
phosphorous per gram of c e l ls .  The techniques fo r measuring 
phosphate give no more accurate a measure of growth response than 
the parameters of tu rb id ity , base consumption and substrate 
disappearance.
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13. The yeast ex tract portion of the growth medium can be replaced by 
thiamine (4 fi grams/gram of c e lls  produced) and b io tin
(0.9 fj gram/gram of c e lls  produced). Deletion of the yeast ex trac t 
makes the medium more d i f f ic u l t  to  s te r i l iz e  because there is  no 
substrate available to  the organisms which were previously k illed  
in the Tyndall1zation.
14. The to ta l s a l t  content o f the medium can be reduced by deleting  the 
sodium chloride from the medium and replacing the monobasic 
potassium phosphate with the sodium s a l t .  Also, the amount o f 
ammonium su lfa te  I n i t ia l ly  present in the medium can be reduced 
s ign ifican tly  when ammonia o r ammonium hydroxide 1s used fo r pH 
control. The lower s a l t  concentration 1n the medium would 
s ig n ifican tly  reduce the s a l t  content of spray dried product from 
unwashed sludge.
15. Product recovery by one pass through desludging centrifuge which 
operates a t about 14,000 times the force of gravity yielded a 90% 
mass recovery and a 75% volume reduction from a feed with 15 grams 
of ce lls  per l i t e r .
16. The power required to aera te  ce llu lo se  suspensions was found to 
increase sharply with ce llu lo se  concentrations above 30 grams per 
l i t e r .
Recommendations
1. This process has been shown to  work on sugar cane bagasse, sugar 
cane bagasse p ith , pu rified  wood pulp and cotton. The process 
should be fu rther generalized to include other types of ce llu lo sic
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material such as rice  straw , wheat straw , urban so lid  waste, e tc .
2. This research Indicated th a t an a i r  11ft fermentor would work well 
fo r th is  process. Since the a i r  11ft fermentor requires less 
energy than turbine ag ita ted  vesse ls , an Intensive study should be 
undertaken to  determine the best configuration fo r th is  type of 
vessel.
3. More work should be done along the lin es of formulating product 
sp ec ifica tio n s , such as maximum allowable s a l t  and cellu lose 
content. Subsequently, the s a l t  composition of the medium, the 
strategy fo r operating the fermentor, and recovery stra tegy  should 
be b e tte r  defined.
4. Much more work is  needed 1n developing s tra in s  of the organism 
and b e tte r  substra te pretreatments to  Increase the productiv ity .
5. In order to understand the complex su b s tra te -ce ll re la tio n sh ip , 
one needs to develop a growth medium, fo r  Cellulomonas which can 
surpass 7 grams per l i t e r  a t  an exponential ra te .
6. A mathematical model Including both the ce ll and substra te  
concentrations to  f i t  the growth curve might provide some in sig h t 
in to  the lim ita tions o f the growth system.
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APPENDIX A
International F i l le r  Corporation 
Alpha Cellulose Flock from Bleached S u lfite  Softwood Pulp
Grade #C100
Chemical Analysis 
Alpha Content
10% KOH Solubles 
Ether Extractables 
Ash 
Iron 
Copper 
Arsenic
Physlcal Properties
Moisture
Bulk Density
Screen Analysis 
80 mesh
100 mesh
140 mesh
200 mesh
Smaller than 200 mesh
88.5%
16.0%
0.04%
‘ 0.24%
0 .0002%
0 . 0002%
0.03 ppm (none detected)
5-7%
230 ml/50 gm 
trace
5.6% retained 
13.4% retained 
22.0% retained
59%
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APPENDIX B 
Medium and Agar Preparation
B-l. Shake Flask and Run Media Compositions
Component 
Engineering I Salts** 
(NH4)2S04 
NaCl
k2hpo4
kh2po4
Yeast Extract
Concentration 1n 
Shake Flasks* 
(gm/litfer)
6.0
1,0
4.5
3;4
1.0
Concentration 1n 
7 and 14 l i t e r  
Fermenters 
(gm /liter)
6.0  
1.0
0.4
0.4
1.0
Engineering II Salts**
(nh4)2so4
Na2HP04
kh2po4
Yeast Extract
3.0 
3.7 
3.4
1.0
1.0
0.4
0.4
1.0
Anti-foamant*** 0.5 m l/ l i te r
*The phosphate buffer system maintains the pH a t  6 .8 .
**Engineer1ng I or II is  made then poured together with the combined 
trace mineral solution to prevent p rec ip ita tio n .
***Polyglycol - 2000 added to each vessel ind iv idually .
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B-l. Continued
Component
Concentration 1n 
Shake Flasks 
(m i/IIter)
Combined Trace Mineral Solution:**** 
Solution A 1.0
Solution B 1.0
Solution C 1.0
Solution D 10.0
Concentration 1n 
7 and 14 l i t e r  
Fermenters 
(m l/I ite r)
1.0
1.0
1.0
10.0
****Due to  the small q uan titie s  Involved the trace minerals are 
sh e lf  stored and added as so lu tions.
Concentration
Component (qm /H ter)
Solution A: FeCl3-6H20 16.7
HC1 (concentrated) 10 ml/1
Solution B: ZnS04 -7H20 0.18
CuS04-5H20 0.16
CoC13*6H20 0.18
Solution C: Disodium EDTA 20.1
Solution D: MgCl2-6H20 20.0 gm
CaCl2-2H20 10.0 gm
B-2. Agars fo r Slants and Contamination Checks
Nutrient Broth Agar
Nutrient Broth 
Yeast Extract 
Agar
D is tilled  Water
8.0 grams
1.0 grams 
15.0 grams
1.0 l i t e r
Dissolve a l l  components and autoclave fo r 15 minutes 
a t  15 psig steam pressure and 120°C.
Pseudomonas-F Agar
Proteose Peptone No. 3 20.0 grams
Maltose 10.0 grams
Dipotassium Phosphate 1.5 grams
Magnesium Sulfate 0.73 grams
Agar 15.0 grams
D is tilled  Water 1.0 l i t e r
Dissolve a l l  components and autoclave fo r 15 minutes 
a t 15 psig steam pressure and 120°C.
B“3* Preparation of Flasks and Vessels
A. 250 Ml Shake Flask
Load a 250 ml Erlemneyer flask  with 100 ml of "shake flask  media". 
Load 1.0 gram a lk a li trea ted  wood pulp with the medium, 1f ce llu lo se  
1s to  be the su b stra te .
Stopper and autoclave fo r one hour a t  15 psig saturated steam 
(250°F, 121°C).
Cool to  35°C.
I f  glucose 1s to  be the su b stra te , prepare a solution of glucose a t  
a concentration o f 50 g /l1 te r  dissolved 1n d is t i l le d  or de-1onized 
w ater. Autoclave the glucose solution fo r one hour a t  121°C 
(15 psig saturated  steam). Cool to 35°C, add 2.5 ml of s te r i le
O.IN NaOH per 1.0 l i t e r  of 50 g / l i t e f  glucose prepared. A septlcally 
withdraw 10 ml o f  the s te r i le  glucose solution (50 g /H te r)  and 
tra n s fe r  to a 250 ml flask  o f shake flask  media.
A septlcally Inoculate the shake flask  from a s la n t.
Incubate the flask  fo r 40-48 hours a t  35 ± 2°C 1n an Incubator with
a ro tary  shaker a t  200 rpm.
The shake flask  1s then ready to Inoculate a 2 l i t e r  Erlenmeyer
flask  of shake flask  media.
B* 2 L ite r  Shake Flask
Load a 2 l i t e r  Erlenmeyer flask  with 1 l i t e r  of "shake flask  media". 
Load 10 grams o f a lk a li treated  wood pulp with the medium 1f the 
substra te  1s to be ce llu lo se .
Stopper and autoclave fo r one hour a t  15 psig saturated  steam 
(250 F, 121°C).
Cool to  35°C.
I f  the substra te 1s to  be glucose, prepare a solution o f glucose a t  
a concentration o f 50 g /H te r  dissolved 1n d is t i l le d  o r de-ion1zed 
water. Autoclave the glucose solution fo r one hour a t  121°C 
(15 psig satu rated  steam). Cool to 35°C, add 2.5 ml o f s te r i le
O.IN NaOH per 1.0 l i t e r  o f 50 g /l1 te r  glucose prepared. A septlcally 
withdraw 100 ml o f the s te r i le  glucose solution (50 g /H te r)  and 
tran sfe r  to  a 250 ml flask  of shake flask  media.
B-3. Continued
B. 2 L ite r Shake Flask (Continued)
A septlcally Inoculate the shake flask  from a 250 ml shake flask .
Incubate the flask  fo r 20-28 hours a t  35 ± 2°C 1n an Incubator with
a ro tary  shaker a t  200 rpm.
The shake fla sk  1s then reacty to Inoculate a 7 or 14 l i t e r  fermentor.
C. Preparation of Larger Vessels
Load the vessel with s a lts  fo r  the proper volume 1n 90% of tha t 
volume to  allow fo r  the 20% inoculum.
C elluloslc substra tes  can be weighed and s te r i l iz e d  with the medium. 
Glucose must be s te r i l iz e d  separately to  prevent caramelizatlon and 
added 1n 10 g /H te r  Increments.
The vessels are  sealed and s te r i l iz e d . For 7 and 14 l i t e r  vessels 
containing no so lid s , autoclaving fo r one hour a t 15 psig and 120°C 
1s s u f f ic ie n t. For ce llu lo s lc  media, two s te r i l iz a tio n s  are 
required fo r autoclaving. Two hours 1n the autoclave a t  15 psig 
and 120°C k i l l s  most of the organisms. Four hours of aeration and 
ag ita tion  allows inactive organisms, spores e t c . ,  to  begin to grow 
on the yeast e x tra c t, making them more vulnerable to  a second two 
hour s te r i l iz a t io n .  For vessels which can be agitated during 
s te r i l iz a t io n ,  one hour a t  12(f C appears su ff ic ie n t.
The pH probes were s te r i l iz e d  by standing fo r two hours 1n 20% 
chlorox solution and Inserted asep tlcally  In to  the vessels.
After autoclaving, the vessels are cooled to 35°C and Incubated a t 
th a t temperature. The a i r  flow ra te  1s typ ica lly  0.5 volumes of 
a i r  per minute per un it volume of the vessel and the agitation  ra te  
1s 350 rpm 1n the 7 and 14 l i t e r  vessels.
APPENDIX C 
Sample and Analysis Procedure
C -l. Routine Sampling and Analysis
A. Cellulose Cultures
1. A sample of about 50 ml was collected  In to  a 100 ml graduated 
cylinder by gently pinching the exhaust a i r  lin e . I f  the sample 
lin e  1s blocked with ce llu lo se , 1 t can be cleared by routing 
s te r i le  a i r  from the sparger through the by-pass lin e  through 
the sample l in e  (Figures I II -2  and 1 II-3 ).
2. The tim e, volume o f the sample, volume o f the vessel, volume of 
base consumed, e tc . are recorded.
3. The ce llu lose  1s screened onto a 200 mesh screen and a portion of 
the f i l t r a t e  co llected  1n a screw cap te s t  tube fo r fu rther analysis.
4. The ce llu lose  p e l le t  Is  transferred  to  a tared  aluminum pan, dried 
a t 95°C overnight and weighed. The ce llu lose  concentration 1s 
calculated from the weight o f the sample p e l le t  and the volume of 
the sample.
5. An aliquot o f the sample 1n the screw cap tube 1s d ilu ted with 
sa line  (8.5 grams NaCl per l i t e r  o f d is t i l le d  water) solution such 
th a t the reading on the Klett-Summerson F i l te r  Colorimeter f a l ls  
between 30 and 100 K lett Units.
6. The dilu ted  sample 1s f i l te re d  through an 8 micron mllHpore Into 
a K lett tube and read on the Klett-Summerson Model 800-3 with a
#66 (red) f i l t e r .  The reading times the d ilu tion  fac to r is  recorded 
as the tu rb id ity .
7. The remaining sample 1s retained  1n some cases fo r phosphate 
analysis as described 1n Section C-2.
B. Glucose Cultures
1. The sample 1s pressured Into a 50 ml screw capped tube by blocking 
the e x it  a i r  lin e .
2. An aliquot o f the sample 1s d ilu ted  to fa l l  between 30 and 100 
K lett Units. The readings are obta1ned(without f i l te r in g  on the 
Klett-Summerson.
i
3. Two 7 ml a liquots are  placed 1n tared centrifuge tubes and the 
so lid  c e lls  separated a t  10°C and 15,000 rpm on an IEC Model B-20 
Refrigerated Centrifuge.
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C -l. Continued
B- Glucose Cultures (Continued)
4. The cen trifugate 1s retained fo r phosphate analysis and the ce ll
p e lle ts  dried 1n a vacuum oven a t  50 C, weighed and the dry ce ll
mass computed. The values reported are averages of the two
rep lica tio n s.
i
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C-2. Phosphate Analysis
1. Aliquots of samples fo r determination containing 200 to 1,000 
micrograms phosphorous are placed Into a 50 ml volumetric fla sk  
and d is t i l le d  water added to  make 35 ml to ta l volume. Each time 
a s e t  o f samples 1s run a blank and three standards are also 
measured. .
2. 10 ml o f vanadate-molybdate reagent* 1s added and d is t i l le d  w ater 
added to  the 50 ml mark. A fter 10 minutes the co lo r, which 1s 
s tab le  fo r  several days, 1s developed.
3. The samples are read on a Spectron1c-20 colorimeter a t  470 m 
and the phosphorous 1n the sample determined from Figure C -l.
♦Vanadate-molybdate reagent:
Solution A: Dissolve 25 gm ammonium molybdate te trahydrate  1n 
400 ml of d is t i l le d  water.
Solution B: Dissolve 1.25 gm of ammonium metavanadate 1n 300 ml 
of d is t i l le d  water by heating to  bo iling . Cool and 
add 330 ml of concentrated hydrochloric acid.
Cool Solution B to  room temperature, pour A into  B and d ilu te  to  
1 l i t e r .
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FIGURE C-l PHOSPHATE STANDARD CURVE
APPENDIX D
Operation of the Instrumentation Laboratories 
Dissolved Oxygen Analyzer
Testing Procedure
1. Remove the tape holding the p la s t ic  cap to the s ta in le ss  steel 
body of the e lectrode , and pull the cap o ff .
2. Connect the electrode to the am plifier as indicated in Figure D-l.
3. Zero the I.L . ammeter:
A. Place the am plifier 1n the zero position and the am plifier 
balance adjustment on "5".
B. Put a mllllamp meter in  se rie s  with the I.L . meter.
C. Adjust the am plifier zero to  4 mi 11 lamps on the meter, then 
mechanically zero the I.L . meter.
D. The I.L . meter is  now s e t  fo r  use, and the milliamp meter can 
be removed.
4. With the electrode in a flask  o f a i r  sa turated  w ater, se t the range 
se lec to r switch on the am plifier to  the zero position . Now with the 
zero contro l, ad just the am plifier to  read zero.
5. Move the range se lec to r switch to  position  2, and with the balance 
control make the am plifier read 80, because the oxygen concentration 
would be approximately 8 ppm. The readings 1n Range 2 1n liquids 
are d irec tly  in ppm. Since the sca le  is  lin e a r , the readings can
be 1n ppm or mm Hg p a r tia l pressure o r a percentage of fu ll sca le , 
depending on how the in i t ia l  ca lib ra tio n  is  se t up.
6. Transfer the electrode to  a fla sk  which contains water saturated 
with nitrogen. The reading w ill drop to less than 1.0 (ppm) within 
45 seconds. I f  not, remembraning o f the electrode is  indicated.
C alibration
1. Turn the range se lec to r to the "zero" position and adjust the "zero" 
potentiometer to read 0.0 on the meter. This reading can be obtained 
only i f  the electrode is  connected to  the am plifier. I t  is  an 
e lec tric a l zeroing of the am plifier; however, the background current 
(electrode output a t zero oxygen p a r tia l pressure) of the I.L . 
electrode is  so small th a t in  most cases i t  can be neglected. The
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D. Continued
C alibration (Continued)
true  zero of the electrode can be checked by putting 1 t In a flask 
o f nitrogen saturated  water with the range se lec to r 1n one of the 
measuring positions. For the most accurate ca lib ra tio n , the zero 
potentiometer should be adjusted to  make the reading zero when the 
electrode 1s 1n nitrogen sa tu ra ted  v/ater and the range selector 
in  a position other than "zero".
2. Turn the range se lec to r to  the desirfed range (2 is  used fo r a ir
equilibrated so lu tions) and with the "balance" potentiometer adjust
the readout to  the oxygen concentration of a i r  sa turated  water using 
the concentrations from Figure D-3.
The am plifier output 1s l in e a r  and d irec tly  proportional to  the 
oxygen concentration.
3. With the electrode In nitrogen saturated w ater, mechanically zero
the recorder, then with the electrode in a i r  saturated  water, se t
the recorder to  read the value on the meter with the potentiometer 
on the recorder in te rface  board.
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APPENDIX E 
ROTAMETER AND AGITATOR CALIBRATION
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APPENDIX F
NON-LINEAR LEAST SQUARES COMPUTER PROGRAM TO FIT 
DISSOLVED OXYGEN PROBE RESPONSE CURVE
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1 C THIS PROGRAM DETERMINES t Hf CONSTANTS IN A N0Ni" TNEaR MATH MoDe L ( N o n .
2 C LINEAR IN THf  C8NSTANTS) BY THe LEAST S^UARf S METHOD. THE M0DEL I s
3 C LINEARIZED BY THF TAYLOR SERIES APPROXIMATION, VARIABLES ARE DEFINE^
A C AS THEY ARE FNCOUNTFRED IN THE PROGRAM
5 C
6 C THE PR83RAv1 REQUIRES THAT CAROS CSNt a INTNG tHf  MODfL FUNCTION AND TTS
7 c p a r t i a l  d eR I v a t t v f s  wrt the  c o n s t a n t s  of i n s e r t f d  at the  d e s i g n a t e d
8 C POINT. SPECIAL ATTFNTI9N SHOULD BE GiVFN TO THf  DIMENSION STATEMENTS
9 C IN B8TH THE MAIN PROGRAM AND THE VARtOiiS SUBPROGRAMS. A GSftD INITIA i'
10 c g u e s s  at the c s n s t a n t s  i s  r e q u i r e d .
11 C
12 INTEGER p
13 DIMENSION X ( 1 0 0 # 9 ) , Y( 1 0 0 ) / B<1 0 > , XBAR( 9 ) , YHAT{100> j y D I F <100)
1A DIMENSI9N X P T X P ( l l , l l )
15 C8MM8N XPD( 1 0 0 # 1 0 ) , XPOT! 1 0 , 1 0 0 ) ,  SAVF( 1 1 . 1 1 )
16 C *TN» SPECIFIES CARD READER# • IOUT * SPECIFIFS PRINTFR.
17 IN 8 5
IS  I8UT « 6
19 C 1N1 • IS THE NUMBFR eF RUNS, ' P 1 IS THf  NUMBER OF INDEPENDENT VaRIABI’ES
20 C X, »SSY» IS THE ESTIMATED VARIANCE OF THF Df PENQf NT VARIA3LE Y, • ITER»
21 C n  i s  t h e  maximum a l l o w a b l e  nUmbeR o f  i . t f R a t I o n s ,
22 PI  READ(IN#1001 N , P , I T E R l , I AD
23 InO FORMAT( A T 5)
2A IF(N)  1 9 , 1 9 , 2 0
25 C •V * IS THE SET OF EXPERIMENTAL VALUFS OF THf  OFPFNnENT VARIABLE, »X»
26 C IS THE SET BP EXPERIMENTAL VALUES 0F THf INDEPENDENT VARlABl ES.
27 PO DO 22 1 * 1 , N
28 22 READ( I N , 101)  ( X ! I , J ) , J * 1 , P ) , Y f I I
29 101 FORMAT(SF8.2)
30 WRITE! IBIJT, 10?)
31 102 FORMAT!»1EXPERIMENTAL VALUES OF THf TNDf PFNDFNT VARIA3LFS X ANT TH
32 IE CORRESPONDING DEPENDENT VARlARLF Y . ' , / / )
33 Z*0 .
■vl
34 00 23 I * 1 j N
35 I F < A B S < Y ( I ) > . Q T . A 9 S m  > Z*Y(I>
36 ?3  WRITE(I01JTj 103)  (X( I . J ) i J « 1 j P ) i Y M  1
37 103 FORMAT!' » i l O ( E l 2 * 4 n
38 9UTPUT TAD
39 9UT3UT Z •
40 WRITE (10 J T »A01)
41 601 FORMAT ! / / 5 X , ' T H E  NORMALIZED VALUER of  v m  ' / / i
42 08 600 T»liM
43 Y(I  J « Y ( t J / Z
44 600 WRITE ( I 0 J T . 1 O 3 )  Y(I>
45 C fM• IS THE MUMBFR BE CONSTANTS B IN THf mod e l . »b * i s  the  Set  of . i m i .
46 C TTAL GUESSES AT THE CONSTANTS*
47 READ(INj 1041 M < ( B ( I ) j I » 1 j M)
48 104 FORMAT( 1 5 i 7 E 10* 2)
49 WRITE! IOiJTi 105)
50 105 FORMAT{/ / i  * THE INITIAL 3UESS AT TwF SFT OF CONSTANTS B . ' . / / )
51 WRITE( IOIJT1 106)  ( 3 ! I ) i I = l i M )
52 106 F0RMAT{* » / 7 ( F l l . 4 A3 X J )
53 C • YDSS11 IS THE SUM OF THF SQUARES OF THF d t f f f r f n c f s  BETWEEnj the  e x -
54 C p e r i m e n t a l  AND c alc ulated  vaLu f s  OF THF DEPENDENT VARIABLE.
55 YDSS1 « 0*
56 C *TTER' IS NUM3ER OF ITERATION PERFORMED.
57 ITER * 0
53 12 ITER * ITER + 1
59 C ' YDSS' IS SAME AS * Y0SS1' •
60 YDSS « 0 .
61 08 6 1 * 1 , N
62 YHS«0*
63 ' DYAs.O*
64 DYB«0*
65 DO 500 J « l i 8
66 A F« '*1 **J *#2 #3 .14 l5 9*# 2# B!  1 J* !B!?1+X!  T i l l ) 178
67 YH»2**{*1« )**J*FXP(AF)
68 D Y H A * Y H * ( 3 ( 2 ) + X ( I * l ) > * ( M O * J * * 2 * 3 , 1 4 l 5 q * * ?
69 D Y H 3 * Y H » ( - 1 . ) # J * * 2 * 3 . 1 4 1 5 9 * * 2 * 8 ( 1 )
70 YHSiYHS+YH
71 0YB*0Y3+0YHR
72 50.D OYA-DYA+DYHA
73 IF ( IA 0 .F 3 .O 1  G0 TB 502
74 C »YHAT» IS THf CALCULATED VALUE BF THE nrPENDENT VARIABLE
75 YHAT(I)*(«1*1*YHS
76 C 'XP D ' IS  THE PARTIAL DERIVATIVES BE THE OFPFnDEnT VARIABLE wRT THE
77 C CONSTANTS EVALUATED AT THE EXPERIMENTAi vA| uES BE THE INDEPENDENT
78 c v a r i a b l e .
79 XPD(Tj 21»{»1 . )*DY8
80 X P D ( ) * D Y A
81 G8 T0 503
82 50?  YHAT(I)»l .OO+YHS
83 XPDU#1)*0Y a
84 XPD( 1 / 2 ) sOYB
85 503 CBNTINJE
86 C *YDIF» IS THE DTEEERENCE BETWEEN THF EXPERIMENTAL AND CALCULATED VAl UF
87 C BF THE DEPENDENT VARIABLF•
88 YDIE( I )  * Y(T) * YHAT(I)
89 YDSS » YDSS + YOlF( I )*YD tF {T )
90 6 CONTINUE
91 C 'TRNSP* GENERATES THE TRANSa 0SE »XPDT' BF THE *XPD« MATRIX.
92 CALL TRNSP(Nj M)
93 C IPRBD* GENERATES THe PR9DUCT »XPTXPt 0E MATRICES 1XPDT» AND 'XPD».
94 CALL PRBD(M.NfM)
95 DB 24 I *1 j M
96.  DB 24 J a 1 j M
97 ?4 XPTXPU j J )  a SAVE(I j .J)
98 C • XPD• IS USED AS A DUMMY MATRIX FRBM HERE’ BN.
99 DB 7 I * l j N
100 7 X P D ( I , 1 )  * YDTFII)
101 C 1 SAVE' IS JSFD AS A DUMMY MATRIX*
102 CALL PR90(M,N,1)
103 C 'XPTXP'  IS THE AUGMFNTEO MATRIX RcPRFSrvjTiMG A Sf T BF LINEAR ALGEBRA.
10A C 1C EQUATIONS TB BF SOLVED BY MATRIX INVFRSIBN,
105 J  * M + 1
106 DB S 1 * 1 , M
107 8 X P T X P ! l , J )  * SAVE!1 , 1 )
108 C 'MTINV GENERATFS THE INVERSE AUGMENTED MATRIX. ' tFLaG' IS 1 WHEN
109 C PtVBTAL ELEMFNT 9F MATRIX IS ZERO, OTHFRWlSF IT TS 0*
110 CALC MT!NV(M,1,XPTXP,1, IFLAG,1)
111 IF ( I F L A G - I )  9 , 1 6 , 9
112 16 WRITE( I91JT, 109>
113 109 FBRMAT( / / , •  PR8BLEM TERMINATED.M
11A G8 T9 21
115 9 DB 10 I * 1 , M
116 10 3 ( f )  * 8 ( 1 )  + XPTXP( T, 1 )
117 WRITE!I BUT,110)
118 110 FBRMAT( / / , 1 ITERATION YDSS CONSTANTS IN MODEL ' , / / )
119 WRITE!I BUT,111)  ITER,YDSS , !B( I ) , T* 1 , M)
120 111 FBRMAT!« • , T 5 , E l 3 , 6 , 7 E 1 A . 6 )
121 I F ( I TER-! TER I ) 1 1 , 1 7 , 1 7
122 17 WRITE!I BUT,1 IE)  TTERl
123 112 FO RMAT! / / , • SCHEME DID N8T C9NVFRGF IN ? ,TR»i  ITERATIONS' )
12A G0 TB 21
125 11 I F ( ABS( ( Y O S S l / Y D S S ) - l * ) * L T . 0 . 0 0 0 1 )  SB TB 13
126 YDSS1*YDSS
127 GB TB 12
128 C 'SSY» IS THE VARIANCE ESTIMATE BF •Y»•
129 13 SSY * YDSS/FLBATtN-P)
130 WRITE!I BUT,117)  SSY
131 117 F B RM AT ! / / , ' VARIANCE ESTIMATE FBR DFPENDENT VARIABLE • ' , E l ? . 5 . / / l
132 C 'XPTXP! IS Nftw THF C8NVARIANcE MATRIX.
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
09 14 I • 1 i M 
09 14 J * 1 j M
14 XPTXP( I j J + l 1 # XPTXPfTj J + 1 U S S Y  
WRITE ( J8UTj 505 )
09 507
YHAT( I ) *YHAT( T > *Z 
Y ( I ) * Y ( n * Z
507 WRITE ( I 9UTi506 )  (X( I #J ) j J e l # P )  , YWATdl j  YfT)
505 FBRMAT ( / / B X j 'THE VALUES 9P THE TNOPPEMHENT VARIABLES, x ( I # J > i  
1THE CALCULATED VALUER 0P THE DEPENDENT VARTAftLFj »/»YHAT(l>* AmO 
2THE EXPER-IMEMTAL VALUES 9F THE OEPEVJOENT VARTArLEi  Y d ) . ' / / )
50A FBRMAT f5Xi 8E11 »5)
WRITE(I91JT/11R)
113 F B R M A T ( / / j »  C9NVARIA NICE MATRIX*, / / )
00 15 I * 1 j M
15 WRITE( 19UTj 1141 ( XPTXP( I , J  + l ) , J * 1 , M1
114 FBRMAT( » ' , 7 E 1 4 . 6 >
GB T9 21
19 STB®
END
oo
'O
U
»0
0*
N
»{
Jv
U
'J
-*
T
U
>
rO
»-
* SUSRftUTTNE TRNSPt IR9W, JCf)L)
C THP SU3R8UTINE GENERATES THE TRANSPOSE BE A MATRTX. PARTICULAR AT.
C TFNTIQM SH9UL0 RE PAlO TO THe DIMe NSTON STATEMf NTS WHpNi MODIFYING THr 
C Ma i n  PROGRAM CAILTNG THIS S’J0°R8GRAM•
COMMON A f 10 0* 1 0 ) / A T ( 1 0 > 1 0 0 ) j B ( 1 1 » 1 1  )
OS 1 I»l*IR.OW 
OB 1 J * t j JCBL 
1 A T U i I )  a A ( T «J )
RETURN 
END -
1 SUBR8UT!ME PRftO(TR0W,JCSLj KCOL)
a C THIS SUSRBJTI^E GENERATES THe PRBDIJCt ftp TWft MATRir iES.  PARTICULAR
3 C ATTENTI3N SHftJLD BE PAID T0 THE DIMENSTftN St ATFMF^TS WHEN Ms DIFYINr
^ C THE MAIN PR8GRAV! CALLING THIS SUBPROGRAM.
5 caWON B( l 0 0 # 5 0 ) > A ( l 0 # l 0 0 ) > C ( l l i 1 l )
6 08 1 I —1 # IRftW
7 DB 1 J* l*  <CftL
8 C ( I / J )  * 0 .
9 D8 2 K*1j JCftL
10 2 C ( I j J )  a C ( T i J )  + A ( T i K ) # 3 ( K j J )
11 1 C0MTTNIJ.E
12 RETjrm
13 END
1
2
j
4
5
6
7
&
9
1C
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
SU8RBUTINE MTTNV(Nj N9j Ai IPRNTj IFI Afi;tNV)
0IMENSI9NJ A ( l l i l l ) / L ( l l )
INTEGER PjPMK 
IN * 5 
I6UT » 6 
IFLAG « 0 
00  19 I»1 jN  
19 L ( I 1 « I
NPN3 * N + mR
NM1 a N -  1 
I F ( I P R N T - I )  1 j 12>1
12 WRITE( IStlT# 1 00)
100 FORMAT( •O'lATRTX INVERSIBN ' / ’ OAUGmENTFD mATPTX rflR SYSTEm OF EOiJATT 
1BNS * *)
D0 2 I » laM 
2 WRITE!iBUTi101) ( A( I , J >$J « I , NPNR1
101 FBRMAT( 1 1 i 1 0 P 1 2 « 3 )
1 P » N + 1
OB 3 K»1.N 
IF (< -N)  1 3 * 4 , 1 3
13 ABI3 a ASS(A(1>1)J  
IBIS a l
PMK a P .  K 
08 5 I«2*PMK
I F ( ABIQ-A3S( A f I « 1 ) ) )  1 4 j 5#5
14 ABI3 a ABS(A(Tj 1 ) )
I BI S  a I
5 CONTINUE 
I F U B I 3 - 1 )  15*4*15
15 OS 6 J * 1«\IPN3 
SAVE • A ' l l j J )
A(1 # J ) a A(TBTG*J)
6 A( 1313* J ) a SAVF N ^
co
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
53
53
54
55
56
57
58
59
60
61
62
63
64
65
66
1SAVE « L (1)
L (1)  * LMSTG)
LU3TG)  • I RAVE 
4 1F ( A<1#1 > » 0 . )  7 , 1 6 / 7  
16 WRITE(I9UT,102)
102 FQR'IATCRMS S8LIJTI0N SBTAlNfrD BerAlIRp PTVRTAl. p LE^ENT IR 7ER9 • ’ / )  
IFLAG » 1 
RETURN
7 90 S J*?,MPMB
8 A f P / J - l )  ■ A d i J l / A l i i l )
A( P,NPMB) ■ 1 . / A t l / l l
L ( P ) » L (1)
08 11 I*1#NMt 
IP1 » I + 1 
NP\!3M a SJPNJR ,  1 
L { I ) « L M P 1.)
00 9 Jal ,NPN3M
9 A ( I , J )  ■ A( T P 1 , J + l ) -  A ( T P l j l i * A ( P . J i  
11 A { I ,  NPN3) « -A( I P 1 / I U A ( P / M P N 0 )
L(N) a L(P)
D8 3 J  a 1/MPMB 
3 A ( N , J )  a A ( P , J )
I F ( I.MV-1) 2 0 / 2 1 , 2 0  
PI  D8 22 I a 1 , N 
90 23 J a 1 / N 
I F ( L ( J  J • T J 2 3 , 2 4 / 2 3
23 CONTINUE 
WRITE( IQtJT/ 105)
105 FSR'IATC PROBLEM IN UNSCRAMBLING iNVPRRr MatR I y . M  
G8 T8 20
24 I F ( J * I ) 2 5 , 2 2 , 2 5
25 N3PI a mb + r 
NBPJ a MS + J
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
l ( j )  »  u t >  
l ( I )  * r
D0 22 <=1#N 
SAVE a A ('<> M0PI )
ACKj NBPT) * AfK.NBPJ)
A ( <*  NI8PJ) « SAVE 
P2 CONTINUE
?0 IFU PRN T-1 )  17j  IB* 17 
18 WRITE( IOUTj 103)
103 FORMAT( »OSm 1JTIBN VECTOR')
DO 10 J a t i N R
10 WRITE ( IOIJT / 104)  ( A ( I * J ) a T»1j N)
104 FORMAT(• S 5 F 1 8 . 6 )
17 RETURN
END
APPENDIX G
COMPUTER PROGRAM EMPLOYING THE NEWTON-BAIRSTOW TECHNIQUE TO 
SOLVE NON-LINEAR ALGEBRAIC EQUATIONS FOR KLa
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
n
n
n SIMJLTAMf SUS M0M-L!Nf a R EQUATIONS
DATA N(\ift* 8F SYSTEMS) X( ASSUMPTION^ Fftp T TFR At  I 8N ) /  XX ( TNCRI-MEMT )
A{AUGMENTED MATRIX 0F PARTIAL DERlVATlVFS)
D I M E N S I 8 M X ( 1 0 ) / X X ( 1 0 ) i A ( 1 0 * 2 0 )
COMMON ASuOPE 
READ(5*1)N*T8L
REA0<5*2)<X( I ) * T*l*N)
READ(5/2)  ( XXU)  * T«l*\ i )
W R I T E ( 6 * 5 ) N , T 8 L  
16 READ ( 5 * 1 5 )  ASL8PE 
15 F8RMAT < F 5 * ? )
0UT3UT ASL0PF 
ASL9PE*ASL8PF/60*
IP* 1
DB 4 !*1*M 
4 W R I T E ( 6 * 3 ) I * X ( I ) * I * X X ( I )
.1 FORMAT (5X >!2,5X i E 10.7)
2 FORMAT ( 8 E 1 0 . 7 )
3 FBRMAT ( 1 HC * »  X ’ * T 2 j * « »j F ? 0 . 7 . 5 X . »  XX ’ > 1 2 / ’ *  1 * E 2 0 » 7 )
ADD*0» 0
a CALL S E T I J P ( N * X * X X *  A* TP)
CALL GAUSS(A#N*1*1/DET)
E * 0 . 0
DO 6 I * 1 * N 
X<I)«X(T)+A(T*\'+1)
R * A 3 S ( A ( I * N * 1 ) / X ( I ) )
I F ( A 8 S ( E ) * G F .A 9 S ( R ) ) 3 8  T8 6 
E*R
6 C0NTINJE
IF ( A 9S( E) .LF .ABS(TBL) )G 0T8  7 
8UT3 UT E 
ADDaADD-f 1 *0
I F ( ADD*LF*5O»O)30 TO 8
34
35
36
37
38
39
40
41
43
43
44
45
46
47
48
WRlTE(6*q)
9 FORMAT( 1H9*»DOES NOT P.ONvEkGE ' » / / / )
WRITE (6*12 )  ADO
12 FORMAT( 1M0#»ADO a »t F 5 . 2 # / / ,  *T H f  FTMAL VAUIFR aF X ARE » i l X )  
GO TO 14
7 CONTINUE
WRITE (6 *1 3 )  ADO
13 FORMAT( 1H0* * ADD a **F5 .2 )
14 DO 10 I a 1 * N
10 WRITE( 6 * 1 1 ) T * X( T)
11 FORMAT( 1H9* i X ' / I 2 * »  § **E20»7)
5 FORMAT( 5Xj I ? j GX*E20«7)
30 TO 16
STO3
END
co
V O
1 SUSROUTtNE GAUSS (Aj Nj NS, ILAGj DET)
2 C SBLJTI3N 3F SIMULTANEOUS LINEAR FOR RY fiAVRS El* IMINATION
3 C N*N0 OF RYSTFMSi NSaNO SF RIGHT HaNO COLUMNS
4 r I F ( I L A 3 ) TNVERSEj DETj SOLUTION
5 DIMENSI8NA<1 0 * 2 0 ) / X (10}
6 NP*N+NS
7 DET*1*0
8 NMI»N-1
9 ny*n+ i
10 I F ( ILAS)5* 6* 6
11 c OUT THE IDENTITY MATRIX IN THE AUQMf NTFD SIDE OF THE
12 5 NP*2*N
13 NG*N +1
14 03 31 I * 1/  N
15 OS 31 . J« n3 j mP
16 31 A( I *J ) =0* 0
17 1*1
18 DO 7 J*N9*NP
19 A ( I * J ) « 1 . 0
20 7 1*1+1
21 C condense  to t r i a n g u l a r  mat ri x  and s ol ve  d e t e r mi n a n t
22 C
23 c -TND the  LARGEST VALUE OF J  IN THF FIRST CSl UMN AND FX
24 c THE FTRST AND THE JTH ROWS
25 6 X*1
26 16 AMAX*A3S(A(K*K))
27 <P*'<+1
28 MAX*K
29 08 8 1* KP/N
30 IF(AMAX.GE.ABS(A(I#K)) )Q0 TO 8
31 AMAX«A3S(A< 1 * 0  )
32 MAX* I
33 8 CONTINUE
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SUBROUTINE SFTUP(N,X.XX.A. IP)
C SETUP WILL SET UP AN AUGMENTED MATRIX. A. r Y NUMERICAL
C DIFFERENTIATION OF THE FUNCTIONS I n SUBROUTINE FUNCN, i t  u s e s  THf
C FORWARD DIFFERENCE TECHNIQUE and STORES F '  i n  the  N+l column
DIMENSION X{1 0 J j X X ( I O ) j B ( 1 0 ) j F ( 1 0 ) . A ( 10 .201  
COMMON AsLOPP 
CALL FUNCTNfX.9)
WRITE ( 6 . 3 )  IP ,  ( X d O . X ^ l . N ) .  (XX( I ) .  T s I .N W  ( R ( J )  . J ? 1 . N )
DO 1 J» 1 ,N  
X( J ) s X (  J)+XX(J) .
A( J .N + l) s»B{J )
CALL FUNCTNfX.F)
WRITE ( 6 . 3 )  I P .  (X(K) j X»1j N>* (XXtLWI * 1 . N J . ( F ( M ) .M s l . N )
DO 2 I« 1 . N
2 A { I . J ) * ( F ( I ) - B ( T ) ) / X X { J )
WRITE ( 6 . 3 )  J . ( A ( K . J ) . K « i . N )
1 X ( J ) *X( J )  *XX ( ,J)
IPMP+1
3 FORMAT( 5 X . 1 3 . 2 X . 2 F 1 0 . 4 , 2 X .6 E1 2#5)
RETURN
END
SUBROUTINE FUNCTN (B . F )
DIMENSION B ( 1 0 ) . F ( 10)
COMMON ASLOPE 
D L 2* 4»4 * l O* *( -3 )
DL2?*DL2#60.
YHS«0.
YHSSaO.
D8 500 J » l . «
A F l * - 0 L 2 * J * * 2 # 3 . l 4 l 5 g * # 2
Y H a 2 . # ( - 1 . ) * * J * F X P ( A ? 1 * ( 3 ( 2 ) ) / 6 D . > * f 1 t / f l * + A F l / B ( l ) ) ) * AFl
YHlaYH*AFl
YHS«YHS+YH
lO
Co
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Fermentation Run Data
Run No. 36 -  3, 4, 5__________
Date: 6/17/74_______________ Substrate: Untreated Wood Pulp
Pretreatment: T (°C) _______ t  (h rs .)  _______ L /S _______ N _____
None
Inoculum: 0. D. (K letts) 550 Volume (ml.) 500
Agitation (rpm) 350_______  Aeration Rate (simp) 3
pH Controller Set Point 6 . 8 _
Comments:
The In i t ia l  loadings were varied.
#2 SQ = 15 g/1
#3 SQ = 30 g/1
#4 SQ = 50 g/1
Fermentation Run Data -  Run No. 36
Time
(hours)
Vessel No. 3
"Base (57
Vessel No. 4
Base (57
K lett Unit (mmol) (g/1) K lett Unit (mmol) (g/1)
_______ Vessel No. 5_______
Base (ST 
K lett Unit (mmol) (g/1)
7 205 200 - 45.3
15.25 415 270 160
17 450 260 26.3 245
20 675 310 270
23.5 710 - 24.4 400
28 910 8.4 395 245
38.5 1260 6 . 6 440 23.9 270
44 1400 500 400
52 -  ■ 570 350
65 1760 4.5 740 650 29.2
VO
Fermentation Run Data
Run No. 37 - 3 , 5_____________
Date: 6/24/74_______________  Substrate: Wood Pulp
Pretreatm ent: T (°C)  t  (h rs .)   L /S  N
See below
Inoculum: 0. D. (K letts) 550 Volume (ml.) 500
Agitation (rpm) 350_______  Aeration Rate (simp)
pH Controller Set Point 6 . 6 _______
Comments:
#3 was run on untreated wood pulp 
#5 was run on a lk a li trea ted  woodpulp 
N - 0 .5 , t  = 2 hours, L/S = 4 , T = 99°C
199
Time
(hours)
8.5
12.0
16.5
18.5 
20
21.5
23.5 
27 
29 
50
Fermentation Run Data - Run No. 37
Vessel No. 3
---------------------Base------- (5 T
K lett Unit (mmol) (g /1)
140
250
450
675
mm
710
900
1500
Vessel No. 5________
Base (§) 
K lett Unit (mmol) (g /1 )
180
270
600
880
1400
1760
2350
2500
3000
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Fermentation Run Data
Run No. 7-40 - 3 , 4, 5________
Date: 7/17/74  Substrate: VJood Pulp____________
Pretreatment: T (°C) 99 t  (h rs .)  1.5 L/S 5 N See below
Inoculum: 0. D. (K letts) 774 Volume (ml.) 500
' i
Agitation (rpm) 350_______ Aeration Rate (simp) 3_______
pH C ontroller Set Point 6 . 8 ______
Comments:
#3 untreated wood pulp
#4 a lk a li trea ted  wood pulp 
N = 0.1
#5 a lk a li treated  wood pulp 
N - 0.5
r
Fermentation Run Data -  Run No. 40
_______ Vessel No. 3  Vessel No. 4  Vessel No. 5
Time Base (S) Base (S) base (ST
(hours) K lett Unit (mmol) (g/1) K lett Unit (mmol) (g/1) K lett Unit (mmol) (g/1)
0 80 75 72
3 116 106 112
7.75 214 146 190
12.50 315 220 300
16 410 430 420
18 465 460 ' 460
23 580 740 620
25 600 370 650
27 660 1000 750
29 700 1240 790
31.50 800 1620 960
36.33 940 2225 1400
39 900 2820 1540
(over)
Time 
(hours)
39.50
43.25 1100 
45.33
47 1000
60.50 1500
64 1380
67 1450
27.9 2950
27.4 3050
3600
26.8 4000
24.1 6250
23.0 6600
7650 '
Fermentation Run Data -  Run No.
_______ Vessel No. 3  Vessel No. 4
Base (S) Base
K lett Unit (mmol) (g/1) K lett Unit (mmol)
820
40 Continued
Vessel No. 5
- - - - - - - - Base- - - (ST
(g /i)  K lett Unit (mmol) (g/1)
24.2 1440 23.8
20.1 2350 23.6
18.0 2300 18.9
15.5 3450 11.4
27.1 3700 28.4
4400
Fermentation Run Data
Run No. 48 - 3, 5_____________
Date: 9/4/74_________________ Substrate: Wood pulp
Pretreatment: T (°C) 99 t  (h rs .)  _ 2  L/S _ 4  n
Inoculum: 0. D. (K letts) 590 Volume (ml.) 500
Agitation (rpm) 350_____  Aeration Rate (simp)
pH Controller Set Point 6 . 6 ________
Comments:
The Inoculum was grown by Marvin Fleenor in the 
Microbiology Department.
Fermentation Run Data -  Run No. 48
Vessel No. 3 Vessel No. 5
Time
(hours) K lett Unit
Base 
(mmol) (g /i). K lett Unit
Base 
(mmol) , S\  (g /i)
2 68 0 . 1 18.9 68 0.5 2 0 .8
6.75 165 2 . 0 18.6 165 1 . 8 2 0 .6
12 308 4.7 17.1 395 5.1 20.3
16.2 560 8 .2 15.6 495 9.2 18.4
18.33 975 10.9 14.3 640 13.3 16.8
20.33 1060 13.8 13.0 780 15.2 15.4
23 1400 17.3 11.2 t 1080 16.5 14.6
25.25 1670 22 .6 - 1230 2 0 .1 32.4
28.33 2370 27.8 31.9 1760 24.9 29.3
32 2625 33.9 25.4 2450 30.2 28.3
35.67 3000 37.9 2 0 .0 3100 35.3 25.2
40.5 3500 41.5 2 . 8 4150 39.9 13.9
46 3800 43.1 1.5 3800 42.7 4.3
Fermentation Run Data
Run No. 57 - 2, 3 , 4__________
Date: 11/13/74_____________  Substrate: Cotton L lnters
Pretreatment: T (°C )________t  ( h r s . )  L /S _______ N __
See below
Inoculum: 0. D. (K letts) 600 Volume (ml.) 400
Agitation (rpm) 350 Aeration Rate (simp) 3
pH Controller Set Point 6 .6_______
Comments:
#2 a lk a li trea ted  botton 1 in te rs  
N * 0.1 L/S = 2
#3 low d .s . CMC
#4 low d .s . n itrocellu lose
Fermentation Run Data -  Run No.
_______ Vessel No. 2
Time Base
(hours) K lett Unit (mmol)
1 50 0 . 0
5 75 0 . 6
8 112 1 .0
12.33 220 2.4
13.75 280 3.0
19.33 435 6 . 0
23 630 9.2
26 680 12.5
27.75 1300 14.1
31 1520 17.3
34.25 1800 19.8
43.75 2600 23.3
Vessel No.3
(S)
(9/1) K lett Unit
Base
(mmol)
17.4 36 0 . 0
17.2 74 0.4
12.1 97 0.5
16.4 120 1 .8
16.2 210 2 .2
15.3 310 4.2
12 .6 515 6.5
12.3 900 9.4
11.7 1160 10.7
7.9 1160 13.6
7.5 1560 16.5
5.3 2120 21.7
57
_______ Vessel No. 4
(5J Base ($T
(g/1) K lett Unit (mmol) (g/1)
19.6 58 0 . 0
18.6 53 0 . 0
18.1 58 0 . 0
18.4 - 0 . 0
18.1 - 0 . 0
16.1 - o.o~
15.2 - 0 . 0
14.6 56 0 .0
14.3 0 . 0
13.7 - 0 . 0
10 .2 - 0 . 0
6.3 — 0 . 0
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Fermentation Run Data
Run No. so -  ? r a. a_________
Date: 12/1/75  Substrate: Baaasse_________
Pretreatment: T (°C) 99 t  (h rs .)  1.5 L/S 4 N 0.1
Inoculum: 0. D. (K letts) 360 Volume (ml.) 500
Agitation (rpm) 350 Aeration Rate (simp) 3
pH Controller Set Point 6 . 6 ________
Comments:
#2 beaten fo r 15 minutes 1n Valley beater with 8000g 
counterweight. No a lka li treatment
#3 alkali treated  bagasse
#4 alkali treated  bagasse beaten in the same manner as 
#2 before washing
Fermentation Run Data -  Run No.
_______ Vessel No. 2  Vessel No. 3
Time Base (S) Base
(hours) K lett Unit (mmol) (g/1) K lett Unit (mmol)
1.5 58 0 . 0 27.6 60
4.0 147 1.9 26.1 -
6.75 260 4.5 22.5 82
12 485 8.7 21.4 -
14.75 860 13.1 19.1 -
17.33 1080 17.2 16.9
21.33 1300 23.8 15.2 -
26.5 1800 25.7 13.7 -
28 2150 28.0 12.4 -
33 2700 35.0 10 .8 -
45.25 3000 41.0 5.3 608
Vessel No. 4
,<S\(g /l) K lett Unit
Base
(iranol) (g/l)
22.7 62 0 . 0 20 .6
22.4 128 2.7 23.2
22.4 180 6.5 19.9
22.3 300 13.9 21.9
22.1 500 15.0 19.7
22 .1 470 16.3 19.4
21.9 540 18.8 17.6
21.7 570 18.8 21.7
21.4 750 19.5 20.7
21.4 1900 24.3 16.8
20.7 2750 37.6 7.8
CO
Fermentation Run Data
Run No. 68 -  2, 3 , 4__________
Date: 2/26/75_______________  Substrate: Glucose________
Pretreatment: T ( ° C )________ t  ( h r s . )    L /S  N _____
Inoculum: 0 . D. (K letts) 680 Volume (ml.) 500
Agitation (rpm) 350______ Aeration Rate (simp) 2
pH Controller Set Point 6 .6 _______
Comments:
#2 Inoculum grown on glucose
#3 Inoculum grown on wood pulp
#4 Inoculum grown on wood pulp
1 . 0  g/1  pharmamedla (cotton seed protein) 1n place 
o f yeast ex trac t
Fermentation Run Data -  Run No. 68
_______ Vessel No. 2
Time Base (5)
(hours) K lett Unit (mmol) (g /i)
0 65 0
9 30
17.5 1740 200
21 -  280
26 3700 314
30 - 316
40 - 392
41 5200 395
_______ Vessel No.3
Base (S) 
K lett Unit (mmol) (g/1)
74 0
59
2540 185
247
4350 279
279 
409
5750 419
_______ Vessel No.4
Base (S) 
K lett Unit (mmol) (g/1)
160 0
48
2220 140
157
3600 181
193 
226
4350 230
ro
— t
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Fermentation Run Data
Run No. 69 -  2, 3 , 4_________
Date: 3/4/75________________ Substrate: Glucose
Pretreatment: T (°C )  t  (h rs .)  ______ L /S ________ N
Inoculum: 0. D. (K letts) 680 Volume (ml.) 500
Agitation (rpm) 350 Aeration Rate (simp)
pH C ontroller Set Point 6 . 6 _______
Comments:
#3 1.0 g/1 pharmamedla 1n place of yeast ex trac t 
#4 2.0 g/1 pharmamedla 1n place of yeast ex trac t
Fermentation Run Data -  Run No. 69
_______ Vessel No. 2  Vessel No. 3  Vessel No.4_______
Time Base ($) Base (S) Base (S)
(hours) K lett Unit (mmol) (g/1) K lett Unit (mmol) (g/1) K lett Unit (mmol) (g/1)
0 - 0  0 0
4.75 14 28 8
10 62 45 53
16 1900 178 1000 160 1900 187
20 2600 233 1500 207 2800 283
26.25 - 280 316 -  391
29 - 305 - 342 -  435
40 5000 351 2460 384 3100 582
42 - 355 -  392 - 600
44.5 -  360 396 - 610
45.5 -  365 -  398 - 615
rva
PO
Fermentation Run Data
Run No. 71 - 2 . 3. 4___________
Date: 3/18/75________________  Substrate: MnnH pulp______
Pretreatment: T (°C) 99 t  (h rs .)  2 L/S 2 N 0 .
Inoculum: 0. D. (K letts) 800 Volume (iftl.) 500
Agitation (rpm) 350 Aeration Rate (sim p) 2_
pH Controller Set Point 6 .6 ________
Comments:
All vessels were loaded I n i t ia l ly  with 35 g/1 wood pulp
n ro . o 9/1 glucose
#3 2 . 0 9/1 glucose plus .05 g/1 cellobiose
#4 2 . 0 9/1 glucose plus .01  g/1 celloblose
Fermentation Run Data -  Run No. 71
Vessel No. 2 _______  Vessel No. 3_______   Vessel No. 4
Time
(hours) K lett Unit
Base
(mmol) (g /1 ) K lett Unit
base
(mmol) (g /l) K lett Unit
base
(mmol)
(S)
(g/i)
0 - 0 36.7 - 0 38.4 - 0 35.6
3 19 3 - 29 7 «• 23 7 -
6 - 26 - - 23 - - 26 -
9.25 475 70 38.3 530 62 36.2 430 74 31.2
12 73 - - 70 •to - 75 -
13 - 81 «■ •to 82 - - 80 -
15 - 105 - - 107 - - 104 -
19 - 156 - •to 159 - - 156 -
24 3750 221 27.8 3450 215 26.5 3550 217 25.7
26 - 240 - - 233 - - 235 -
28 - 252 - - 249 - - 250 -
31 - 259 - - 272 - - 257 -
34.5 5300 281 3.1 4900 292 13.1 5700 283 5.8
47 4800 328 0.5 5200 336 0.5 5500 321 0.5
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Fermentation Run Data
Run No. 72 - 2 , 3 t 4 , 5 , 6
Date: 3/25/75 Substrate: Glucose
Pretreatment: T (°C) t  (h rs .) L/S N
Inoculum: 0. D. (K letts) 800 Volume (ml.) 500 and 1000
Agitation (rpm) 350 Aeration Rate (s im p) 2
pH Controller Set Point 6 . 6 ________
Comments:
#4 2 x standard nu trien ts
#5 and #6 N utrient package based on cell analysis pumped 
continuously on base demand with 5 N NH4OH
Fermentation Run Data -  Run No.  72
Vessel No. 2_______   Vessel No.3________   Vessel No. 4
Time
(hours) K lett Unit
Base
(mmol)
(c r
(g /1 ) K lett Unit
Base
(mmol) ( g / l ) K lett Unit
base
(mmol)
,(c)
(g/1)
0 40 0 0 .1 40 0 0 .1 40 0 0.1
2.25 98 6 0 .4 107 20 0 .4 114 19 0 .3
6.75 275 35 0 .9 295 68 0 .9 305 45 0 .9
9 600 89 1.9 580 68 1.5 590 53 1.4
11 1070 181 3.2 1150 131 3 .4 920 110 3.0
13 1550 265 5 .0 1950 187 5.1 1600 187 5.1
15 2400 317 6.6 2400 218 6 .8 2400 302 7.8
17 2960 347 6 .4 2500 233 6 .2 3100 354 8 .0
23.25 3800 458 8 .7 4000 294 10.2 5250 454 13.5
25.75 3800 488 9.7 3500 320 10.8 6700 492 13.3
45 4250 646 12.7 5150 442 •• 5830 640 21.6
ro
er»
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Fermentation Run Data -  Run No. 72
Time
[hours)
Vessel No. 5 Vessel No. 6
K lett Unit
Base
(mmol) (9/1) K lett Unit
Base
(mmol) (9/1)
0 40 0 0 .1 40 0 . 0 .1
2.25 n o 8 0.4 124 9 0 .2
6.75 340 58 0.9 315 57 0.9
9 620 157 1.7 890 165 1.5
11 1550 316 4.3 1250 261 3.6
13 2125 584 6.9 2500 467 5.8
15 2550 961 9.3 3250 664 9.2
17 4100 1211 10.9 4300 716 9.2
23.25 6350 1316 15.1 5700 894 11.3
25.75 6200 1316 13.9 5700 894 13.7
45 3900 1316 13.2 4150 994 10 .6
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Fermentation Run Data
Run No• 73 -  2» 3» 4> 5 1 6
Date: 3/31/75_______________  Substrate: Glucose____________
Pretreatment: T (° C )_______ t  ( h r s . ) _______ L /S _______ N ________
Inoculum: 0. D. (K letts) 1200 Volume (ml.) 500 and 1000
Agitation (rpm) 350 Aeration Rate (simp) 3
pH Controller Set Point 6.0________
Comments:
#3 3 x the standard phosphates
#4, #5 and #6 Nutrients pumped continuously on base demand
Fermentation Run Data -  Run No.
_______ Vessel No. 2  Vessel No. 3
Time Base (S) Base
(hours) K lett Unit (mmol) (g/1) K lett Unit (mmol)
0 40 0 40 0
4 144 10 150 7
8 325 44 320 43
12 820 105 730 116
16 2150 205 2100 249
18 2500 304 2850 367
20 3250 431 2950 487
22 3450 645 3450 622
24
26
28
73
   Vessel No. 4______
(S) Base (ST
(g/1) K lett Unit (mmol) (g/1)
40 0
150 10
340 44
720 131
2400 350
3800 561
3850 763
4350 981
4300 1100
5200 1294
4700 1371
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Fermentation Run Data -  Run No. __73
Vessel No. 5___________  Vessel No. 6
Ime
Durs) K lett Unit
Base 
(mmol) (g /i) K lett Unit
Base
(mmol) , {CK(9/1)
0 40 0 - 40 0 -
4 180 14 - 164 16 -
8 465 96 420 88 -
12 1640 359 4.0 1400 281 3.3
16 4350 756 12.7 3100 470 8.4
18 4400 898 12.5 3650 628 9.7
20 5220 898 13.1 3650 717 9.2
22 7300 1358 16.0 4300 926 10.3
23 7300 1465 15.8 4750 1074 10.5
24 7400 1604 18.3 4350 1150 10.4
26 8400 1750 17.8 4650 1412 1 1 .2
28 7500 1995 2 2 .0 3800 1709 1 1 .8
31 7400 2723 2 1 .8 - 2235 12.3
32 7800 3029 20.9 mm • 2353 1 0 .6
40 7000 3499 25.1 - 3386 12.9
45 7000 3875 24.0 3600 3810 14.0
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Fermentation Run Data
Run No. 7 4 - 6 ________________
Date: 4/8/75________________  Substrate: Glucose__________
Pretreatment: T (°C )  t  (h rs .) , L /S _______ N_.._____
Inoculum: 0. D. (K letts) 800 Volume (ml.) 1000
Agitation (rpm) 350 Aeration Rate (simp) _4_____
pH Controller Set Point 6 .6 ________
Comments:
25 x standard nu trien ts with 250 g/1 glucose pumped on 
base demand with 10 N NH^ OH. The pumping ra te s  were 
such th a t fo r every 1 ml. o f base 5 mis. of supplemental 
nu trien ts were pumped. The n u trien t composition 1s 
lis te d  in Table IV-2.
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Fermentation Run Data -  Run Mo.  74
Vessel No. 6
Time
hours) K lett Unit
Base
(mmol)
Nutrients
ml.
(6 )g/1
0 50 0 0
7.5 525 220 117 2 .0
11 1660 550 292 3.4
13.5 3000 970 514 8 .1
15.5 4300 1270 673 1 0 .6
17 5150 1400 742 11.4
20 5550 1600 784 17.4
23 8800 1890 828 -
25 9500 2030 897 26.8
27 9900 2320 967 28.8
29 12,000 2630 1022 29.3
31 13,800 2990 1150 32.6
33 13,800 3350 - 32.3
35 12 ,000 3680 - 34.5
38 8600 4690 - 35.8
40 8800 5560 - 32.3
42 12,800 5920 - 33.0
44 10,000 - - 31.7
Fermentation Run Data
Run No. 82 -  2 , 3, 4
Date: 6/27/75  Substrate: Wood pulp
Pretreatment: T (°C) 99 t  (h rs .)  _2 L/S 4 N 0.1
Inoculum: 0. D. (K letts) 690 Volume (ml.) 500
Agitation (rpm) 350 Aeration Rate (s im p )____ 3
pH C ontroller Set Point 6 .6
Comments:
#2 Loaded with 25 g/1 ATWP. One addition of 25 g/1 ATWP 
and one complement of nu trien ts a t  46.5 hours.
#3 Loaded with 25 g/1 ATWP which was beaten 1n the Audubon 
Sugar Factory colloid mill fo r 15 minutes. One addition 
of 20 g/1  beaten substrate and 1 complement o f nu trien ts 
a t  46.5 hours. One addition o f 50 g/1 ATWP and one 
complement of nu trien ts a t  69 hours.
#4 Loaded with 25 g/1 ATWP and two additions o f ATWP,
30 and 60 g /1 , and a complement of n u trien ts  with 
each a t  26.5 and 62 hours, respectively .
All vessels were operated semi-continuously and 
substra te  additions were non-aseptic.
Time
(hours)
0
4.5
7
10.5
14.5
19
22.67
26
28
30.5
33
38
43.25
Fermentation Run Data -  Run No. 82
_______ Vessel No. 2
Base (3) 
K lett Unit (mmol) (g/1)
57 0 24.5
120 3 16.8
158 32 23.5
310 50 2 1 .8
440 70 21.7
570 104 21 .1
810 129 2 0 .0
1140 140 18.6
1110 148 18.1
1180 169 17.1
1500 193 16.3
1950 245 12 .6
1750 275 10 .2
_______ Vessel No. 3______
Base (s) 
K lett Unit (mmol) (g/1)
67 0 24.2
125 0 24.0
152 1 24.2
250 19 22.4
400 40 2 1 .8
525 64 21.4
780 96 21.3
1060 124 18.9
1160 146 18.7
1520 180 17.4
1940 214 15.1
2350 304 11.4
2800 388 6.7
Vessel No. 4
---------------------- BiSi--------(5T
K lett Unit (mmol) (g/i)
69 0 26.6
103 0 24.6
152 3 25.0
270 17 24.0
405 32 24.2
505 55 23.4
750 78 2 2 .2
1020 99 2 1 .1
430 n o 33.7
480 110 33.6
580 n o 33.0
770 143 31.5
1360 219 28.2
(over)
Fermentation Run Data -  Run No. 82 (Continued)
Vessel No. 2 _____   Vessel No. 3_______   Vessel No. 4
Time
(hours)
46.5
K lett Unit 
2150
Base
(mmol)
295
■ -(sy 
(9/1)
9.3
K lett Unit 
3700
Base
(mmol)
402
■ I S r
(g/D
4.2
K lett Unit 
2100
Base
(mmol)
257
(9/1)
26.8
47.5 580 296 28.2 1300 406 20.4 2450 304 21.5
51 840 312 27.5 1620 452 19.0 3150 362 19.9
54 780 312 26.7 2100 520 16.3 3150 401 16.3
58.5 760 313 24.7 2300 572 13.4 3800 463 14.8
61.5 1280 315 23.9 3350 675 8 .1 3750 501 10.4
63.25 mm - - - - - 1260 515 52.9
66.75 1160 329 25.1 3200 711 4.4 1500 587 54.4
69 3300 719 2 .8 - - -
70
73.5
77.75
Shut down due to 
floccu la tion , probably 
caused by contamination 
f i r s t  observed a t 
26 hours
2260
2700
3050
741
776
861
55.4
51.8
50.0
2200
2750
622
658
658 48.0
82.5 3800 933 49.1 - 696
(over)
Fermentation Run Data -  Run No. 82 (Continued)
Vessel No. 2 Vessel No. 3   Vessel No. 4
Time
(hours)
Base
K lett Unit (mmol)
" T O
(g /1 ) K lett Unit
Base
(mmol)
T 5 F
(g /1 ) K lett Unit
Base
(mmol) (g/i)
86.75 4000 975 45.2 3250 728 51.2
93 5600 1025 39.0 4500 755 -
98 5700 1054 37.8 - 780 49.4
103 6100 1088 32.0 4000 798 -
116 7400 1176 25.7 3200 840 40.7
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Fermentation Run Data
Run No. 84 -  2 , 3, 4__________
Date: 7/10/75_______________  Substrate: Wood pulp_______
Pretreatm ent: T (°C) 99 t  (h rs .)  2 L/S 2 N 0.1
Inoculum: 0. D. (K letts) 760 Volume (ml.) 500
Agitation (rpm) 350 Aeration Rate (simp) 2
pH C ontroller Set Point 6 .6 ________
Comments:
All vessels had 1/2 hour of autoclave s te r i l iz a t io n .
Fermentation Run Data -  Run No. 84
Vessel No. 2______  Vessel No. 3_______   Vessel No. 4
Time
(hours) K lett Unit
Base
(mmol) (9/1). K lett Unit
Base
(mmol)
■-T 5T ■ 
(g /1) K lett Unit
Base
(mmol) , (S),(g/1)
1 67 (Anhydrous
nh3)
44.4 53 1.5 47.0 31 4.5 44.2
8 185 45.1 260 8 49.3 230 13 45.7
19.5 550 44.7 590 38 43.2 630 88 43.2
24 690 41.1 810 60 41.8 950 140 42.0
30 1110 38.6 1340 105 - 1860 233 38.0
33.75 1640 35.7 1860 139 - 2680 293 37.6
37.3 1040 34.8 1900 170 34.4 2760 340 33.3
41.3 920 28.5 1680 197 29.4 2020 371 24.3
44 870 27.9 1880 211 25.3 1860 394 2 2 .0
48 450 20.5 920 234 23.2 1440 456 17.8
53.5 800 17.7 1240 265 12.3 1040 476 10.7
74 1000 13.8 1100 311 10 .6 1100 552 10.3
228
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Fermentation Run Data
Run No. 85 -  2 , 3, 4__________
Date: 7/17/75_______________  Substrate: Wood pulp________
Pretreatment: T (°C) 99 t  (h rs .)  2 L/S 2 N 0.1
Inoculum: 0. D. (K letts) 800 Volume (m l.) 500
Agitation (rpm) 359 Aeration Rate (simp) 3
pH Controller Set Point 6 .6 _________
Comments:
#2 and #3 2-4-2 live  steam s te r i l iz a t io n  
#4 Single 1/2 hour live  steam s te r i l iz a t io n
\
Fermentation Run Data -  Run No. 85
Vessel No. 2______    Vessel No. 3_______  Vessel No. 4
Time
(hours) K lett Unit
Base
(mmol)
"757"
( g / i ) K lett Unit
Base 
(mmol) (g /1 ) K lett Unit
Base
(mmol) (g/1)
0 30 (Anhydrous 18.7 25 0 18.7 29 0 20.7
10 215
NH3)
17.1 205 6.4 17.1 160 3.2 19.0
14 364 16.9 335 13 16.2 305 14 19.2
18 510 15.4 430 33 14.9 420 36 18.0
21 705 15.4 600 46 14.7 610 55 16.7
24.5 1000 13.4 780 66 11.3 1040 80 16.3
33.5 1780 8.5 1180 129 11 .0 1000 129 13.1
37 2040 2.3 1500 162 9.1 1400 150 11.3
39 2550 0.7 1840 182 7.7 1540 161 1 1 .8
41.8 2550 1 .0 1920 207 3.4 1740 179 11.4
45 3350 1.7 2600 232 1.7 2350 202 9.2
47 3750 0.9 3050 243 1 .1 2800 216 7.2
57 4300 0.5 3500 273 1 .2 2850 282 3.4 roco
O
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Fermentation Run Data
Run No. 87 - 5. 6_____________
Date: 7/25/75________________  Substrate: wood_pulp______
Pretreatment: T (°C) 99 t  (h rs .)  2 L/S 2 N 0.1
Inoculum: 0. 0. (K letts) 640_____  Volume (ml.) 1000
Agitation (rpm) 350______ Aeration Rate (simp) 6
pH Controller Set Point 6.6_________
Comments:
Both vessels had 1/2 hour liv e  steam s te r i l iz a tio n
232
r1me 
tours)
Fermentation Run Data - 
Vessel No. 5
Run No. 87
Vessel No. 6
K lett Unit
Base
(mmol) (g/i) K lett Unit
Base
(iranol) (g/i)
0 43 0 22.4 40 (Anhydrous 25.7
0 43 0 24.5 40
nh3)
23.3
6 164 35 22.9 148 22.3
18.5 560 106 22.6 580 21.2
22 750 136 21.8 750 19.7
24.5 760 157 20.1 860 19.1
29.25 870 209 19.1 950 17.5
33 1200 296 18.0 1400 17.0
42.5 1850 472 14.0 2000 15.3
46.5 2200 537 12.3 1850 14.3
48.5 2500 597 10.0 1900 13.1
54.5 3750 681 7.1 2100 -
71 4300 808 1.1 2600 11.6
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Fermentation Run Data
Run No. 88 -  2, 3, 4
Date: 7/31/75 Substrate: Wood pulp
Pretreatm ent: T (°C) 99 t  (h rs .) 2 L/S 2 N 0.1
pH C ontroller Set Point 6.6_________
Comments:
All vessels had 1/2 hour liv e  steam ster1H 2at1on.
#2 Anhydrous ammonia from Sandoz used fo r pH contro l.
#4 Organism LC-10 mutant from the Microbiology Department.
Inoculum: 0. D. (K letts) Volume (ml.) 500
Agitation (rpm) 350 Aeration Rate (sim p) 3.
Fermentation Run Data -  Run No. 88
Vessel No. 2   Vessel No. 3 Vessel No. 4
Time
(hours) K lett Unit
Base
(mmol)
/(3T"
(g /l) K lett Unit
Base
(mmol)
■;csriani K lett Unit
Base
(mmol) , (S\(9/P
1 55 (Anhydrous 22.8 62 3 20.7 39 3 21.2
1 63
nh3)
22.3 58 3 22.0 35 3 21.1
9.5 265 20.9 265 23 20.2 220 29 19.9
20.8 850 18.2 820 85 17.9 660 77 19.9
24 1060 17.1 980 125 16.6 870 96 18.2
27 1520 15.5 1460 170 15.2 980 119 17.8
30 1840 11.6 1780 217 12.9 910 142 16.7
33 2800 9.9 2550 264 11.2 1325 168 17.5
34.5 2500 9.1 2700 280 7.2 1250 179 14.7
42.8 3350 0.7 3400 350 3.5 1400 276 -
47 4000 2.1 3700 365 2.5 2400 331 8.3
50.5 - - - - - 3600 387 7.5
57.5 - - - 3150 425 0.7 GO
Fermentation Run Data
Run No. 89 - 5, 6
Date: 8/4/75 Substrate: Mood oulo
Pretreatment: T (°C) 99 t  (h rs .)  2 L/S 2 N _0Jm
pH Controller Set Point 6.6_________
Comments:
Both vessels had 1/2 liv e  steam s te r i l iz a tio n .
#5 Employed the Microbiology n u trien t s a lts  and the 
LC-10 mutant.
#6 Employed the Microbiology n u trien t s a lts  and the
Inoculum: 0. D. (Kletts) Volume (ml.) 1000
Agitation (rpm) 350 Aeration Rate (sim p) 6
standard organism.
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Fermentation Run Data -  Run No. 89
Vessel No. 5________   Vessel No. 6
Time
(hours) K lett Unit
Base
(mmol) (9/1) K lett Unit
Base
(mmol)
,(S)
(9/1)
0 18 0 26.0 21 0 24.7
0 15 0 25.5 21 0 25.3
7.25 47 31 24.7 94 19 24.7
18.5 174 61 22.6 290 121 23.6
21.5 204 77 21.7 380 139 22.6
23.5 260 83 440 151 -
25.5 260 90 23.7 490 159 23.6
27.5 305 100 23.2 520 170 23.0
29.5 270 109 22.2 540 181 23.3
31.8 380 117 21.6 600 192 22.0
42.5 530 155 19.1 690 242 18.8
45 560 161 18.3 700 306 18.2
48.5 540 168 16.4 780 320 17.9
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Fermentation Run Data
Run No. 91 -  2 . 3 . 4___________
Date: 8/18/75________________  Substrate: Wood pulp____________
Pretreatment: T (°C) 99 t  (h rs .)  2 L/S 2 N 0.1
Inoculum: 0. D. (K letts) 600 Volume (ml.) 500
Agitation (rpm) 350_____  Aeration Rate (simp) 3______
pH Controller Set Point 6.6_________
Comments:
All vessels had 1/2 hour liv e  steam s te r i l iz a t io n .
#2 Standard run media with vitamins In 11eu of yeast ex tra c t.
#3 Standard Microbiology medium with yeast ex trac t 1n lieu  
o f vitamins.
#4 Standard Microbiology medium with 500% of the standard 
vitamin concentration.
Time
(hours)
Vessel No.2
Fermentation Run Data -  Run No.
Vessel No. 3
91
Vessel No. 4
K lett Unit
Base
(mmol) (9/D K lett Unit
Base
(mmol) (g /i) K lett Unit
Base
(mmol) (9/P
0 15 0 20.4 16 0 23.4 22 0 22.4
5.5 41 23 20.3 100 17 23.3 62 18 21.6
17.5 295 91 16.7 400 44 21.4 100 30 22.5
20 430 124 16.2 490 66 22.2 n o 37 21.9
23 660 175 16.3 610 89 21.1 110 37 21.3
25.5 850 230 14.7 740 108 20.6 136 42 22 J .
28 1240 293 12.4 860 132 19.3 160 42 20.9
31 1760 379 - 950 157 20.7 120 48 20.7
40.3 2950 522 1.3 1480 249 21.6 166 58 21.6
41.8 3150 544 32.0 - - - - - -
44 3400 629 28.7 1640 292 13.1 - 65 -
46.7 4200 644 26.8 1800 314 13.1 - - -
52 4550 682 22.8 2000 357 10.1 196 69 21.6
65.5 5550 683 4.2 2800 410 6.6 285 76 21.8
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Fermentation Run Data
Run No. 92 -  2, 3» 4__________
Date: 8/29/75_______________  Substrate: Wood P»1P
Pretreatment: T (°C) 99 t  (h rs .)  J  L/S 2 N 8 -1
Inoculum: 0. D. (K letts) 689 Volume (ml.) 800
Agitation (rpm) 350______ Aeration Rate (simp) 3
pH Controller Set Point ________
Comments:
All vessels had vitamins 1n place of yeast ex trac t.
#2 and #3 1/2 hour liv e  steam s te r i l iz a t io n .
#4 Not s te r i l iz e d
Fermentation Run Data -  Run No. 92
Vessel No. 2______   Vessel No. 3_______   Vessel No. 4
Time
(hours) K lett Unit
Base
(mmol)
(S)
(g/D K lett Unit
Base
(mmol) (g/1) K lett Unit
base
(mmol) (g/i)
0 47 0 26.3 53 0 25.7 56 0 25.2
5 78 7 24.7 78 11 24.2 54 2 26.8
20 510 85 22.3 380 85 22.2 225 44 21.8
23 730 112 20.9 650 100 20.8 400 62 21.5
26 910 145 22.7 820 118 19.8 620 89 21.0
30 1280 198 17.4 1160 158 17.2 920 134 19.4
32.5 1660 238 14.9 1600 218 15.4 1200 162 17.7
43 3520 382 0.6 3480 262 0.6 2160 227 10.6
44 4600 445 56.5 4200 451 55.5 2700 246 59.0
46 4600 576 52.2 4200 514 50.2 3000 310 53.6
48 5000 645 51.5 5000 636 48.7 2800 366 52.0
50 3750 686 45.5 3600 700 40.5 2200 402 45.1
54.25 4700 717 45.5 3600 742 36.9 3950 409 i
43.8
(over)
Fermentation Run Data -  Run No. 92 (Continued)
Vessel No. 2_______   Vessel No. 3_______  Vessel No. 4
Time
(hours) K lett Unit
Base
(mmol) S
'— ■— 
t/i 
•- K lett Unit
base
(mmol) (9/1) K lett Unit
Base
(mmol) (9/1)
56.5 5400 717 39.4 5300 795 37.3 4300 435 40.5
66.25 6800 843 29.9 6200 830 27.3 5200 510 37.6
68.5 8000 905 . 12.0 7600 1144 10.6 6400 521 33.2
ro
Fermentation Run Data
Run No. 97 - 2, 3 , 4, 5________
Date: 10/6/75_______________  Substrate: Mood pulp________
Pretreatm ent: T (°C) 99 t  (h rs .) 2 L/S 2 N 0.1
Inoculum: 0 . 0. (K letts) 040 Volume (ml.) 500
Agitation (rpm) 350 Aeration Rate (simp) 3
pH C ontroller Set Point 6.6_________
Comments:
All vessels were s te r i l iz e d  1n the autoclave fo r 2 hours. 
All vessels contained 50% of the standard vitamin lev e ls .
#5 Had the Engineering II nu trien t package.
Fermentation Run Data -  Run No. 97
Vessel No. 2 Vessel No. 3 Vessel No. 4
Time
(hours) K lett Unit
Base
(mmol)
,(S)
(? /!)
Base
K lett Unit (mmol)
,(S)
(g /i)
Base
K lett Unit (mmol) (g/D
0 30 0 28.9 32 0 30.6 41 0 28.8
5 66 20 31.4 60 10 30.8 42 2 31.7
8 - 25 - - 18 - - 21 -
16.5 245 55. 28.6 220 38 31.5 165 39 30.9
19.5 330 77 26.4 345 54 26.1 215 49 27.0
22.5 520 88 25.7 310 68 32.2 440 62 23.4
25 780 127 24.9 620 94 26.5 370 74 27.3
28.5 1095 185 23.8 820 130 24.0 500 99 29.4
31 1700 235 20.3 1090 156 23.7 700 126 25.2
33 2075 268 19.1 1400 175 22.4 950 155 26.4
37.3 2300 305 14.7 1700 233 18.7 1200 215 23.8
41 2000 352 10.9 1720 300 10.5 900 261 23.3
44 1950 352 6.7 1750 329 5.0 720 274 18.3
48 2090 395 1.3 • 365 1050 304 16.5
Fermentation Run Data -  Run No. 97
Vessel No. 5
Time
(hours) K lett Unit
Base
(mmol) ,<S\(9/ 1)
0 18 0 25.4
5 80 47 29.0
8 - 74 -
16.5 260 139 29.2
19.5 320 173 26.7
22.5 550 216 26.3
25 690 258 25.2
28.5 930 331 26.0
31 1300 395 23.2
33 1550 448 23.5
37.3 1960 533 19.6
41 2500 628 18.4
44 2400 628 14.7
48 2225 655 13.1
53 2950 692 -
67 2700 774 m t
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Fermentation Run Data
Run No. 99 - 2 , 3, 4__________
Date: 10/21/75  Substrate: Wood pulp______
P re  treatment: T (°C) 99 t  (h rs .)  2 L/S 2 N
Inoculum: 0. D. (K letts) 680 Volume (ml.) 600
Agitation (rpm) 350 Aeration Rate (simp) 3
pH Controller Set Point 6 .6 ______•
Comments:
All vessels had vitamins 1n place o f yeast ex trac t.
#2 and #4 Were s te r i l iz e d  fo r 1/2 hour with liv e  steam. 
#3 Was s te r i l iz e d  1n the autoclave fo r 1/2 hour.
Fermentation Run Data -  Run No.
_______ Vessel No. 2  Vessel No. 3
Time Base (S) Base
(hours) K lett Unit (mmol) (g /i)  K lett Unit (mmol)
0 21 0 26 0
7 90 - 102 «•
17.5 255 30 250 49
20.5 350 60 330 59
23 410 78 380 80
25 440 103 460 92 -
29.5 650 146 560 128
41 1380 261 1800 281
44 1800 309 2800 311
49 2180 374 1960 398
53.5 3150 406 2600 515
67.5 - - 5000 885
71 3750 436 6700 889
99
   Vessel No. 4______
(s) Base (S i
(g/1) K lett Unit (mmol) (g/i)
10 0
108 -
320 49
450 63
460 82
555 94
780 118
2450 232
2900 286
2240 338
2500 428
4000 492
5900 720
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Fermentation Run Data
Run No. 100 -  2 , 3, 4_________
Date: 11/14/75____________ i_ Substrate: Wood pulp________
Pretreatment: T (°C) 99 t  (h rs .)  2 l/S 2 N 0.1
Inoculum: 0. D. (K letts) 640 Volume (ml.) 500
Agitation (rpm) 350 Aeration Rate (simp) 3
pH Controller Set Point 6 .6 ________
Comments:
All vessels had 100% of the vitamin package and 
were s te r i l iz e d  fo r 1 /2  hour with liv e  steam.
Fermentation Run Data
Vessel No. 2 Vessel
Time
(hours)
Klett
Unit
Base 
(mmol) ( S ) ,(9 /1)
P
(mg/1)
Klett
Unit
Base
(mmol!
0.5 40 0 32.9 - 60 0
8 - 21 - - 26
18 425 82 28.7 465 340 65
24 690 96 27.5 420 650 97
30.5 1330 160 25.1 355 1050 156
33 1720 189 23.1 260 1400 193
35 1800 208 2 2 .1 315 1500 225
42 2400 245 19.9 275 2600 297
44.5 2575 257 16.2 275 2825 310
49.5 3000 275 13.7 255 3300 330
54 3825 287 11.9 230 3750 348
67 2400 327 8.7 185 3950 400
Run No. 100
io. 3 Vessel No. 4
, (S\
(q /1 ) (mg/1 )
K lett
Unit
Base
(mmol)
,(S) ' 
<9/U (mg/1 ]
30.4 73 0 33.6
- - 18 -
27.8 455 305 40 30.6 445
25.6 445 500 60 28.9 395
24.7 375 690 90 27.4 365
24.2 325 880 105 26.6 355
21.9 315 920 121 24.9 335
17.2 275 1650 192 23.3 280
14.3 245 1700 210 2 0 .8 285
10.9 250 2200 235 16.5 255
8 .0 230 3400 251 14.8 210
3.4 200 3000 290 9.2 210
r o•c*oo
Fermentation Run Data
Run No. 102 -  2, 3 , 4 , 6_______
Date: 11/24/75_______________ Substrate: Wood pulp_______
Pretreatm ent: T (°C) 99 t  (h rs .)  2 L/S 2 N 0.1
Inoculum: 0 . D. (K letts) 560 Volume (ml.) 500
Agitation (rpm ) 350 Aeration Rate (s im p )_____3_
pH C ontroller Set Point 6 .6 _________
Comments:
Vessel S te r iliz a tio n  Vitamin Levels
2 1 /2  hour liv e  steam 100%
3 1/2 hour in autoclave 100%
4 1/2 hour liv e  steam 10%
6 1 /2  hour In autoclave 10%
Fermentation Run Data -  Run No.
Vessel No. 2
Time
(hours)
K lett
Unit
Base
(mmol)
(s)
(g /l)
0.5 36 6 28.9
6 120 24 28.0
16 320 60 29.6
19.5 320 73 29.3
22.5 480 91 24.4
24.8 560 106 24.0
28 760 139 22.3
31.3 1080 179 21.7
35.8 1640 254 2 0 .1
40.5 2600 358 14.0
43 3400 390 10.4
43.7 3200 415 32.2
46 4000 490 30.6
48.5 4200 534 29.4
Vessel No. 3 
P K lett Bale (S j
(mg/1 ) Unit (mmol) (9/1)
445 28 0 32.2
445 120 23 37.0
440 320 57 29.1
440 480 69 28.6
350 480 80 27.3
350 520 87 26.4
325 920 113 26.5
325 1000 132 25.6
300 1360 172 19.5
220 1760 202 2 2 .2
180 2360 212 19.3
195 2000 220 37.5
85 2800 253 35.6
70 3200 275 36.2
102
Vessel No. 4 
y ~  K lett BaiT (S) P
(mg/1) Unit (mmol) (g/1) (mg/1)
323 
328
324 
217 
287 
287 
287 
223 
223 
170 
164 
158
ro
129 (over) g
Fermentation Run Data -  Run No. 102 Continued
Vessel No. 2    Vessel No. 3_________   Vessel No. 4
Time
(hours)
K lett
Unit
Base
(mmol)
(S) 
(9/1)
P
(mg/1 )
K lett
Unit
Base
(mmol)
(S)
(9/1)
P
(mg/1).
K lett
Unit
Base
(mmol) (9/1) (mg/i)
51.8 4840 570 24.4 53 3000 298 32.2 135
55.5 4840 600 22.9 - 3000 332 31.8 117
72.8 6400 694 16.4 55 3400 376 30.4 88
Fermentation Run Data -  Run No.
Vessel No. 4  Vessel No. 6
Time
(hours)
K lett
Unit
Base 
(mmol)
(s)
(g /1 ) (mg/1 )
K lett
Unit
Base
(mmol)
(s)
(9/1)
0.5 40 0 30.9 32 0 30.9
6 120 4 34.4 120 40 34.4
16 320 21 34.6 280 123 34.6
19.5 400 34 30.6 360 155 30.6
22.5 520 53 29.1 480 181 29.1
24.8 600 - 28.8 520 190 28.8
28 920 96 28.9 720 217 28.9
31.3 1000 130 28.2 800 251 28.2
35.8 1360 189 28.1 960 293 28.1
40.5 1920 270 25.2 1000 338 25.2
43 1720 300 26.0 1400 346 26.0
43.7 920 305 48.9 1160 369 48.9
46 1320 363. 48.5 1640 430 48.5
48.5 520 407 48.4 2120 486 48.4
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Vessel No.
P K lett Base [S] P ~  
(mg/1) Unit (mmol) ( g / i ) (mg/1)
328
328
316
310
305
305
293
287
281
281
269
258
258 (over) Kro
Fermentation Run Data -  Run No. 102 Continued
Time
(hours)
51.8 
55.5
72.8
Vessel No.4 Vessel No. 6 Vessel No.
K lett Base Tsj F “  K lett Baie ^ S )  ICIett Base 1 $ ]  T “
Unit (mmol) (g /i)  (mg/1) Unit (mmol) (q/1) (mg/1) Unit (mmol) (g/1) (mg/1)
450 43.4 2560 550 43.4 223
320 452 42.6 2520 605 42.6 199
1360 465 40.5 3520 720 40.5 187
ro
u ico
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Fermentation Run Data
Run No. 103 - 2 , 3, 4__________
Date: 12/2/75________________  Substrate: Wood pulp_______
Pretreatment: T (°C) 99 t  (h rs .)  2 L/S 2 N 0»1
Inoculum: 0. D. (K letts)  760 Vdlume (ml.) 500
Agitation (rpm) 350____  Aeration Rate (sim p)_____ 3_
pH Controller Set Point 5 . 6 ______
Comments:
All vessels were s te r i l iz e d  fo r 1/2 hour with live steam. 
#2 100% of standard vitamin lev e ls .
#3 50% of standard vitamin lev e ls .
#4 25% of standard vitamin lev e ls .
Vessel No. 2
Fermentation Run Data • 
Vessel
- Run No. 
No. 3
103
Vessel No. 4
Time K lett Base (S) P K lett Base (S) P K lett Base $ P
(hours) Unit (mmol) (g /1 ) (mg/1 ) Unit (mmol) .(.9/1). (mg/1 ) Unit (mmol) (9/1) I s s O l
0 44 0 31.7 295 34 0 31.1 285 40 0 28.4 290
11.75 200 31 32.3 290 185 24 33.7 275 165 21 27.7 290
17.25 310 59 29.3 290 320 46 - 275 300 49 27.2 227
22.75 500 92 27.4 290 560 82 28.7 270 470 81 - 225
26 630 118 24.7 275 730 93 26.3 260 680 97 25.7 255
29 810 142 25.0 250 950 129 29.9 240 880 118 25.6 245
35.5 1100 197 24.8 225 1340 189 23.8 235 1220 157 23.0 245
39 1540 243 20.5 200 1680 236 2 0 .1 205 1540 209 2 1 .0 240
42.75 2020 305 17.8 180 2350 290 17.4 193 2140 279 17.9 205
43 1800 318 34.6 135 2140 305 34.6 135 1900 286 33.5 180
47 2700 401 31.6 100 2950 392 31.1 100 2650 374 33.3 155
50 2800 466 28.5 80 3200 478 28.3 60 2850 438 30.1 n o
52.5 3300 520 27.4 390 3500 527 24.9 430 3025 521 . 24.7 76
55.75 3725 588 21.5 390 4250 555 24.2 360 3650 625 25.3 440 
(over)
Fermentation Run Data -  Run No. 103 Continued
Vessel No. 2 Vessel No. 3 Vessel No. 4
Time
[hours)
K lett
Unit
Base
(mmol)
(s)
(g/i)
P
(mg/1 )
K lett
Unit
Base 
(mmol)
(s)
(g/i)
P
(mg/1 )
K lett
Unit
Base
(mmol) , (S),(g/i) (mg/1 ]
60 3750 643 21.5 360 4750 591 2 2 .0 405 3800 716 19.2 430
63 3750 643 16.9 350 4500 593 16.3 377 4050 765 14.2 395
67 4400 643 13.8 345 4925 604 14.6 375 4850 819 10.5 383
85 3600 643 - - 3700 659 1 1 .8 - 4100 831 3.5 -
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Fermentation Run Data
Run No. 104 - 2, 3, 4
Date: 12/12/75  Substrate: Wood pulp________
Pretreatment: T (°C) 99 t  (h rs .)  2 L/S 2 N 0.1
Inoculum: 0. D. (K letts) 560 Volume (ml.) 500
Agitation (rpm) 350 Aeration Rate (simp) 3
pH Controller Set Point 6 .6 _________
Comments:
All vessels were s te r i l iz e d  1n the autoclave fo r 1/2 hour. 
#2 100% of standard vitamin lev e l.
#3 50% of standard vitamin lev e l.
#4 10% of standard vitamin lev e l.
Fermentation Run Data -  Run No. 104
Time
(hours)
0.5
5
13.5 
23
25.5
24.5
33.5
37.5
42.5
47.5
48.5
53.5
57.5
60.5
Vessel No. 2 Vessel No. 3 Vessel No. 4
K lett
Units
Base
(mmol)
(s)
(9/1)
P
(mg/1 )
K lett
Unit
Base t$) 
(mmol) (g /1 )
P
(mg/1 )
K lett
Unit
Base
(mmol)
(s)
(9/1)
56 0 328 54 0 46 0 34.8
105 4 27.1 328 100 17 110 12 -
190 21 - - 200 35 220 35 -
345 48 24.8 328 340 53 345 57 31.1
390 52 24.9 316 340 92 400 68 32.8
530 69 22.3 - 530 105 590 84 20.3
600 85 24.0 310 750 118 640 103 30.5
770 107 22.3 305 730 132 940 125 30.6
1050 133 19.1 281 770 154 1220 154 27.4
1560 171 19.4 246 flo e . 176 1700 175 46.5
1420 175 36.9 211 floe . 200 1620 193 42.2
2370 271 34.6 187 flo e . 206 2350 218 39.3
2900 325 30.1 182 flo e . 218 3150 323 34.8
3000 341 27.3 164 floe . 218 flo e . 338 34.4
(over)
Fermentation Run Data -  Run No. 104 Continued
Vessel No. 2 Vessel No. 3 Vessel No. 4
Time K lett Base (S) P K lett Base (S) P K lett Base (S) P ~  
(hours) Units (mmol) (g/1) (mg/1) Unit (mmol) (g/1) (mg/1) Unit (mmol) (g/1) (mg/1)
63.5 3200 360 26.5 141 flo e . 218 flo e . 356 35.9
69.5 3900 392 23.3 105 flo e . 218 flo e . 388 -
74.5 4850 417 19.6 0 flo e . 218 flo e . 398 35.3
r o
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Fermentation Run Data
Run No. 110 -  3, 4, 5_________
Date: 2/10/76_______________  Substrate: Wood_Pulp________
Pretreatm ent: T (°C) 99 t  (h rs .)  2 L/S 2 N 0.1
Inoculum: 0. D. (K letts) 800 Volume (ml.) 500 and 1000
Agitation (rpm) 350 Aeration Rate (simp) 3 or 6
pH C ontroller Set Point 6 .6 ________
Comments:
#2 20% of the standard vitamin lev e ls .
#3 5% of the standard vitamin lev e ls .
#4 1% of the standard vitamin lev e ls .
All vessels were s te r i l iz e d  fo r 1 hour 1n the autoclave.
Fermentation Run Data -  Run No.
_______ Vessel No. 3   Vessel No. 4
Time BaSe (S) Base
(hours) K lett Unit (mmol) (g/1) K lett Unit (mmol)
0.5 42 0 47 0
6.5 108 36 112 14
16.25 270 53 270 63
22 530 93 610 100
25.25 760 126 800 120
30 1240 167 1260 166
33.5 1700 229 1800 229
41 2200 280 2050 276
44.5 2300 298 2600 292
47.5 2800 313 2850 304
48.5 2000 321 1600 305
52.5 2750 398 2450 355
55.75 3700 423 3100 372
   Vessel No. 5______
(S) Base
(g/1) K lett Unit (mmol) (g/1)
51 0
128 23
250 73
400 109
470 149
740 177
880 211
1000 300
(over)
Fermentation Run Data -  Run No. 110 (Continued)
Time
(hours)
60.5 
65
68.5
_______ Vessel No. 3  Vessel No. 4  Vessel No. 5
Base (S) Base (S) Base (Sf
K lett Unit (mmol) (g/1) K lett Unit (mmol) (g/1) K lett Unit (mmol) (g/1)
451 -  392
4200 478 3300 412
4550 485 3200 420
r oo
r o
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Fermentation Run Data
Run No. 112 -  2. 3 , 4__________
Date: 2/24/76________________ Substrate: Wood pulp________
Pretreatment: T (°C) 99 t  (h rs .)  2 l/S 2 N 0.1
Inoculum: 0. D. (K letts) 600 Volume (ml.) 500
Agitation (rpm) 350 Aeration Rate (simp) 3
pH Controller Set Point 6 .6 _________
Comments:
#2 0 . 5% of the standard b lo tln  and thiamine concentrations 
#3 1 . 0% of the standard b lo tln  and thiamine concentrations 
#4 10% o f the standard b lo tln  and thiamine concentrations
Fermentation Run Data -  Run No. 112
Vessel No. 2_______  Vessel No. 3______    Vessel No. 4
Time Base (S) Base (S) Base (s)
(hours) K lett Unit (mmol) (9/1) K lett Unit (mmol) (g /1 ) K lett Unit (mmol) (g/1)
0 55 0 31.4 55 0 31.3 55 0 33.0
6.5 134 11 31.8 134 14 31.9 142 18 33.6
18 320 54 30.9 360 43 30.7 390 54 32.4
21.5 400 71 28.0 500 57 29.8 560 68 31.2
24.8 580 87 27.4 580 73 27.9 720 85 27.7
29 820 107 26.6 800 94 27.9 1100 126 26.4
32 1040 127 25.5 1120 113 25.3 1460 140 25.0
34.5 1000 146 - 1210 140 2 2 .6 1410 164 24.1
39.3 1460 174 24.9 1700 162 22.9 2100 180 23.5
42.5 1660 191 21.9 1920 176 2 1 .6 2300 182 20 .6
45 1840 201 2 1 .2 2200 182 20.5 2500 191 19.6
47.5 1480 208 17.7 2500 190 18.4 2950 198 17.8
50 1900 214 20.3 2400 193 18.8 2600 196 18.0 
(over)
Fermentation Run Data -  Run No. 112 (Continued)
Vessel No. 2_______  Vessel No. 3 _______ Vessel No. 4
Time
(hours) K lett Unit
Base
(mmol)
“ i s r
(9/1) K lett Unit
Base
(mmol) (g /1 ) K lett Unit
base
(mmol) (g/i)
53.8 1900 223 2 0 .2 2650 201 16.7 3000 209 19.0
65.5 1050 251 15.2 3250 266 - 3900 275 11 .0
69.5 900 261 14.3 3900 270 16.4 4000 282 9.8
r o
c n
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Fermentation Run Data
Run No. 121 - 2, 3, 4
Date: 5/6/76 Substrate: Wood pulp
Pretreatment: T (°C) 121 t  (h rs .)  3 L/S 6 N 0.1
pH Controller Set Point 6 .6
Comments:
All vessels were s te r i l iz e d  with live  steam for 2 hours. 
All vessels had 100% of the b lo tln  and thiamine, but 
the pantothenic acid was deleted.
Inoculum: 0. D. (K letts) 720 Volume (ml.) 300
Agitation (rpm) 350 Aeration Rate (simp) ___ 3
Fermentation Run Data -  Run No. 121
Vessel No. 2_______  Vessel No. 3______   Vessel No. 4
Time
hours) K lett Unit
Base
(mmol)
(s)
(g /l) K lett Unit
Base
(mmol) i a D l K lett Unit
Base
(mmol) (g/i)
0 40 0 30.0 40 0 30.0 40 0 30.0
9.25 mm 16 mm 8 - - 8 -
18.75 - 40 - - 23 mm - 28 -  '
22.5 - 48 - - 37 - - 37 -
26 230 62 - 270 42 - 220 37 -
32.25 400 87 - 375 73 - 300 49“ -
42 700 155 - 680 128 - 520 92 -
47.5 1030 240 - 940 174 - 700 122 -
72 3400 470 8.4 3800 360 10 .6 3250 378 14.0
80 4300 480 7.6 5000 374 9.4 4100 404 9.8
80.5 3200 0 34.8 2680 0 34.5 2640 0 36.7-
91.5 4000 145 3600 125 m t 3600 168 -
95.5 3500 175 23.7 3100 145 25.8 3000 202 27.8
(over)
Fermentation Run Data -  Run No. 121 (Continued)
Vessel No. 2______   Vessel No. 3   Vessel No. 4
Time
(hours) K lett Unit
Base
(mmol) (g/D K lett Unit
Base
(mmol)
" i s r
( l O ) . K lett Unit
Base
(mmol) , (S\(g /p
99 5000 196 26.0 4400 167 26.3 4800 226 26.8
104 4800 221 24.8 4900 187 24.2 5100 250 24.4
115 5750 264 2 0 .1 5350 217 20.5 6000 303 19.7
118 5350 270 20.5 5100 225 19.9 5700 303 19.0
119 4450 0 51.8 4000 0 50.2 4400 0 57.1
123 3700 39 48.4 3500 32 48.5 5500 36 55.2
128 4100 94 44.1 4050 192 45.4 4250 46 53.7
139 6100 162 39.8 5700 247 41.3 5500 103 60.2
141 6100 171 38.0 5700 252 41.1 6700 113 48.0
146 6500 188 35.8 5950 264 37.6 5900 129 44.1
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Fermentation Run Data
Run No. 133’ 6________________
Date: 7/26/76_______________  Substrate: Glucose
Pretreatment: T (°C ) t  (h rs .)  _ _ _ _ _  L /S  N
Inoculum: 0. D. (K letts) 790 Volume (ml.) 500
Agitation (rpm) 44°_______  Aeration Rate (simp)
pH Controller Set Point___________ 5.6_
Comments:
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Fermentation Run Data -  Run No. 133
Vessel No. 6
Time
.(hours). K lett Unit
base
(mmol)
w  •
<9/1)
“O ';
%
1.75 130 0 - *100
4.75 320 17 0.9 97
8 620 60 1.3 90
10.50 1160 121 4.0 84
13 1700 183 4.8 87
14 2450 - 6 .2 87
15 2300 200 6 .8 87
16 2300 - 7.2 87
17.75 2700 218 8.4 89
19,50 3000 227 9.0 89
21 3900 240 1 0 .0 83
24 4250 258 10.3 75
25.5 4500 - - 74
32.75 6400 434 - 66
43.75 6000 500 m
Glucose added a t  t  s 10.75, 14 and 25.50
Fermentation Run Data
Run No. 136 - 2 , 3, 4 , 5______
Date: 8 /2 9 /7 6 ________________ Substrate: Bagasse p ith
Pretreatment: T (°C) 121 t  (h rs .)  2 L/S 6 N 0.
Inoculum: 0. D. (K letts) 720 Volume (ml.) 300
Agitation (rpm ) 350 Aeration Rate (sim p)____3_
pH Controller Set Point 6 .6  
Comments:
#2 Untreated bagasse p ith
#5 A1r 11ft fermentor operated on glucose
Fermentation Run Data -  Run No. 136
Vessel No. 2_______  Vessel No. 3______   Vessel No. 4
Time
(hours) K lett Unit
Base
(mmol)
(5V
(g/1) K lett Unit
Base 
(mnol) (g/1) K lett Unit
Base
(mmol) , {S),(g/i)
0 60 0 11.9 60 0 15.9 60 0 16.1
6 310 47 11.6 290 24 15.9 340 34 16.1
17.75 350 75 11.8 1180 131 10.2 1200 169 12.1
20.75 - 78 8.3 - 150 - - 223 -
21 590 78 am 1540 150 9.1 2020 223 8.5
23.75 540 79 13.3 1510 157 6 .9' 3050 236 8.7
30.25 - - - 1750 166 6.9 2150 251 5.0
49.5 840 80 11.3 2220 173 7.0 3650 402 6.5
70 830 81 11.8 1850 173 5.3 2900 402 5.5
r o
r o
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Fermentation Run Data -  Run No. 136
_______________ Vessel No. 5
Time Base Air Flow Rate
(hours) K lett Units (mmols) slm____
0 20 0 12
10.50 560 178 12
12 ’ 775 145 12
13 900 340 12
14.50 900 438 16
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Fermentation Run Data
Run No. 137 -  2, 3, 4__________
Date: 9/5/76________________  Substrate: Glucose_____________
Pretreatment: T (°C )______t  ( h r s . ) ________ L /S ________N _______
Inoculum: 0. D. (K letts) 560 Volume (ml.) 100
Agitation (rpm) 350 Aeration Rate (simp) 3
pH Controller Set Point 6 .6 _______
Comments:
#4 10% of the standard vitamin package with pantothenic acid 
deleted.
Fermentation Run Data - Run No. 137
 Vessel No. 2________   Vessel No. 3________   Vessel No. 4
Time K lett Base (Cl P K lett Base (C) P K lett Bali (cT 
(hours) Unit (mmol) (g/1) (mg/1) Unit (mmol) (g/1) (mg/1) Unit
0 25 0 194 27 0 210 20 0
10 150 19 1.4 - 225 49 - 17 1
14.25 330 45 1.4 141 580 95 1 .8 129 11 1
15.75 460 60 1 .8 141 710 123 2 .0 141 - -
17.25 650 92 2 .2 129 1400 180 2.7 113 - -
21.5 1840 205 4.2 94 2600 268 5.3 66 20 -
23 2140 254 5.6 75 2100 289 6 .0 62 - -
25.5 2250 287 7.1 56 2550 312 8.4 62 - -
28 2500 305 8.3 40 3250 324 9.3 47 - -
30 2650 317 9.0 31 4050 334 9.6 43 - -
33 3450 331 9.9 23 3850 347 1 1 .0 41 188 64
35.75 3500 349 1 0 .8 12 4150 365 11.7 31 325 64
41 4150 373 12.3 5 4600 392 14.8 31 590 75
45.25 - 389 13.7 9 5000 423 15.8 22 - 82
57.5 4500 420 7 5500 516 • 26 1750 223
ro
cn
Fermentation Run Data
Run No. 142 - 2 , 3, 4_________
Date: 9/29/76  Substrate: Glucose
Pretreatment: T (°C )_______ t  ( h r s . ) ________L /S ________ N
Inoculum: 0. D. (Kletts) 480 Volume (ml.) 500
Agitation (rpm) 350 Aeration Rate (simp)
pH Controller Set Point 6 .6 ________
Comments:
#2 1 g/1  yeast ex tract 
#3 0.5 g/1 yeast ex tract 
#4 0.25 g/1 yeast ex tract
Fermentation Run Data -  Run No.
Vessel No. 2  Vessel No. 3
Time Base (S) Base
(hours) K lett Unit (mmol) (g/1) K lett Unit (mmol)
0 80 0 - 80 0
3.75 . 280 33 1 .0 170 21
7.25 660 63 2 .0 430 55
9.75 1440 142 3.6 1200 101
11.25 1750 176 4.3 1400 134
12.3 2040 222 5.7 1900 151
14.75- 2500 295 6 .8 2050 180
17.5 2750 312 8 .2 2200 188
19.5 3800 312 9.7 2750 196
21.5 3600 316 10.4 3300 212
24.5 6000 331 11.7 3100 222
26.75 5800 357 1 2 .8 3100 231
31.5 6600 396 14.8 3400 255
43 6800 431 15.4 4000 300
Vessel No. 4
(g/i) K lett Unit
Base
(mmol) (g/i)
- 80 0 -
0.1 140 11 0.7
1.0 430 47 1.6
1.8 880 82 1.4
2.2 1020 99 2.4
3.4 900 100 2.6
4.6 1300 118 2.7
6.2 1120 130 4.7
7.0 1600 138 4.5
7.6 1820 146 -
8.2 1325 158 4.1
- 1360 167 4.7
10.1 1200 182 5.1
12.1 1200 209 4.2
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Fermentation Run Data
Run No. 147 -  2 , 3, 4» 5_______
Date: 9/24/76________________ Substrate: Bagasse p ith
Pretreatment: T (°C) 121 t  (h rs .)  1 L/S _ J ____N 0-1
Inoculum: 0. D. (K letts) *0*0 Volume (ml.) 400 or 800
Agitation (rpm) 350 Aeration Rate (simp) 3
pH Controller Set Point 0*0_________
Comments:
#5 The substra te  was glucose and the run was carried  out 
in the a i r  11f t  fermentor.
Fermentation Run Data -  Run No. 147
Vessel No. 2______   Vessel No. 3______   Vessel No. 4
Time
(hours) K lett Unit
Base
(mmol) (9/1) K lett Unit
Base
(mmol) (g/D K lett Unit
Base
(mmol) (g/i)
0 100 0 19.9 100 0 23.0 100 0 20.7
8.75 400 42 19.9 400 43 23.0 350 49 20.7
13.50 500 78 17.4 510 68 18.2 540 80 16.7
17 760 122 16.7 785 98 2 1 .8 650 122 18.4
24 1650 251 12.5 1500 213 9.4 1550 248 12 .2
27.25 2300 - 9.7 2550 253 12.5 1950 288 11 .2
29.5 3000 268 10.1 2900 274 - 2850 303 1 0 .0
34.25 3250 284 7.8 3250 280 10.3 3150 314 8.3
37.5 1600 303 7.8 2400 287 9.8 2800 326 8.3
42 2200 310 7.3 2700 293 8 .1 2800 332 6.9
61.25 2300 329 5.4 2900 308 6 .0 2600 343 6.9
r o
'v l<£>
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Fermentation Run Data -  Run No. 147
___________________________ Vessel No. 5____________
Time Base (c)
(hours) K lett Unit (mmol) (g/D D.0. Rot (%) El
0 100 0 8.5 30 3.C
9.25 500 477 1.6 5.0 30 3.C
10.25 700 632 2 .0 6 .0 , 60 3.C
11.50 1300 689 2 .6 3.2 60 3.0
12.75 1850 1007 4.7 4.2 76 3.0
13.75 1725 1272 5.1 1.4 76 3.0
15 2100 1377 - 8 .0 76 3.0
15.5 2000 6.3 5.5 76 2 .0
17.25 • 2150 1455 - 6 .0 76 2 .0
24 4200 1992 9.2 8 .0 ' 76 2 .0
27.25 5200 - 12 .2 4.8 76 2 .0
29.5 5000 2106 10.5 4.8 76 2 .0
34.5 4600 2254 11.5 4.6 76 2 .0
Exhaust Air {%)
Fermentation Run Data
Run No. 148-5________________
Date: 10/26/76_____________  Substrate: Bagasse p ith
Pretreatment: T (°C) 125 t  ( h r s .) 2 L/S 4 N ___0.
Inoculum: 0. D. (K letts) 750 Volume (ml.) 1000
Agitation (rpm) None - a i r  11ft Aeration Rate (simp) n/a
pH Controller Set Point 6 .6 ________
Comments:
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Fermentation Run Data -  Run No. 148
Vessel No. 5
Time
(hours) K lett Unit (mmol) (g/1) D.0. Ro (&) Pb Exhaust A1r {%)
0 - 0 - 8.4 2.5 21.25
13 400 127 9.1 mm 2.5 21.50
16.50 530 172 6 .8 9.1 2.5 21.50
19.25 750 218 7.2 8 .6 2.5 21.50
22 790 265 5.6 8 .8 2.5 21.50
24 930 310 4.9 8 .8 2.5 21.50
24.50 1080 338 - - 2.5 21.50
34.50 3100 362 10.5 9.5 2.5 21.70
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Fermentation Run Data
Run No. 149 -  6
D a te : M L V 2 L Substrate: bagasse pith
Pretreatment: T ( C) 121 t  (h rs .)  2 L/S 6 N 0.1
Inoculum: 0 . D. (K letts) 800 Volume (ml.) 1000
Agitation (rpm) none -  a i r  l i f t  Aeration Rate (simp) 10 to  40
pH Controller Set Point 6 .6
Comments:
This vessel was operated as an a i r  l i f t  fermentor.
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Fermentation Run Data -  Run No. mo
Vessel No. 6
Time
[hours) K lett Unit (mmol) (g /l)  d.o. Rot (%) P|
0 55 0 8 .6 30 2 .
2.7 - 12 8.4 30 2 .
7.75 240 41 8.4 30 2 .
19 770 135 6.9 30 2 .
22.75 1340 196 6 .8 30 . 2 .
25.5 1500 226 6 .6 30 2 .
25.75 1200 226 6 .6 30 2 .
27.5 1680 262 6 .6 30 2 .
31.75 2150 371 6.4 30 2 .
32 - 371 ' 30 2 .
34 2100 413 - 30 2 .
42.75 3120 558 6 .1 30 2 .
48.25 4000 588 7.5 30 2 .
50.5 3600 588 7.4 30 2 .
55 3750 603 8 .1 30 2 .
58.5 4500 603 8 .2 30 2 .
Exhaust A1r (%)
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Fermentation Run Data
Run No. 535 - 1_______________
Date: 8/74  Substrate: Wood pulp________
Pretreatm ent: T (°C) 99 t  (h rs .)  2 L/S 2 N 0.1
Inoculum: 0. D. (K le t t s ) _________ Volume (ml.)__________
Agitation (rpm) '________  Aeration Rate (sim p )_______
pH C ontroller Set Point ______________
Comments:
F irs t  run on the LSU p ilo t  p lan t.
i
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Fermentation Run Data -  Run No. 535
Vessel No. 1 
Time (5F
(hours) K lett Unit Base (g/1)
0 125 0
15.50 12.6
16.50 17.53
17 21.72
18 690 36.24
19.25
20 56.4
24 1350
25 1600
37 2600
Fermentation Run Data
Run No. 570 -  6_______________
Date: 12/74  Substrate: Wood pulp
Pretreatment: T (°C) 99 t  (h rs .)  2 L/S 2 N
Inoculum: 0. D. (K letts) 3000 Volume (ml.) 30 l i t e r s
Agitation (rpm )____________  Aeration Rate (simp)
pH Controller Set Point 6 .6  
Comments:
Semi-continuous operation of LSU p i lo t  p lan t.
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Fermentation Run Data -  Run No. 570
F irs t Reload
 Vessel No. 6________
Time (S)
(hours) K lett Unit Rase (g/1)
0 50 0 30
28 - 33.5
29.5
38.0 64.1
39.0 69.3
39.5 885 77.3
41 83.8
42 92.4
43.5 100.2
48 2100 118.7
49.5 123.5
61 3300
62 154.0 0.4
64.5/0 2350 0.0 25.6
65.5/1 5.2
66.5/2 8.2
67.5/3 13.3
68.5/4 1750 17.5
69.5/5 21.6
71.5/6 25.9
73.6/8-1/6 32.8
74.5/9 35.4
Fermentation Run Data -  Run No. 570 Continued
Second Reload
Third Reload
Time
(hours)
75.5/10
76.5/11
77.5/12
78.5/13
87.5/22
88.5/23
Vessel No. 6
K lett Unit
3250
4250
Base
38.7
41.3 
44.6
47.3 
68.2 
69.9
7^7iaDl
7.0
88.5/0
92/3.5
99.5/11
111/11.5
120.75/21.25
2750
3950
4920
29.9
21.4
120.75/0
121.75/1
126.75/6
127.75/7
128.75/8
129.75/9
141/20-1/6
141.75/21
142.75/22
143.75/23
2950
3300
33.9
4800
5160
54.2
61.1
67.1
72.1 
109.9 
111.1
113.6
115.7
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Fermentation Run Data -  Run No. 570 Continued
Vessel No. 6 
Time f5T
(hours) K lett Unit Base (g/1)
Fourth Reload
143.75/0 310d 0.0 30.6
148.25/5.5 18.0
163.75/20 4600 34.0
167.75/24 54.0
29.1
SANDOZ PLANT
RUN #2 ON THE 40 LITER VESSELS
__________ TX30___________ 50-L_________
Time OD Base OB “ Base
(hours) K lett Units Shots o f NH^  K lett Units Shots of NH^
11 61 1 85 1
11.75 -  3
12.7 -  6
13.25 2 7
14 3 9
14.5 4 10
15.2 87 5 137 12
15.5 7 13
16.3 8  15
17 10 17
17.5 11 18
18.1 -  19
18.25 13
18.5 -  21
19.5 115 14 240 22
20 15 23
20.5 16 25
21 17
21.25 19 27
22 21 29
23.5 160 -  325 30
24 - 32
24.75 -  34 (over)
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SANDOZ PLANT 
RUN #2 ON THE 40 LITER VESSELS 
Continued
T-30  5 0 - L __________
Time OD Base 00 Base
(hours) K lett Units Shots of NH^  K lett Units Shots of NHg
25 23
25.75 - 36
26.25 25
27.25 27
28.25 29
29.5 31
30.5 33
31.5 - 39
32 35
32.25 - 41
33.25 37 43
34 165 38 325 46
34.75 39 49
35.5 40 53
36 - 55
37 41 59
38.5 42 65
40.5 44 71
42 -  77
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SANDOZ PLANT
RUN #3 ON THE 40 LITER VESSEL
 _________ 50-L ___ _______ _
Time 015 Base
(hours) K lett Units Shots o f NH3
10.5 -  19
11.5 - 25
12.5 - 33
13.5 - 42
15 300 60
16.5 - 69
20 510
25 780
29 850
294
Time
(hours)
6.75
7.25
8.25
9.75 
12.0
13.0
14.0
15.0
16.0
29.0
20.0
24.0
27.0
31.0
SANDOZ PLANT
RUN #4 ON THE 40 LITER VESSELS
T-30 50-L
‘ OB Base OB’ Base
K lett Units Shots of NH3 K lett Units Shots of NH3
64 2 190
4 8
7 14
70 9 235 19
12 23
26
28
80 - 360 30
23 33
60 25 515 39
85 - 650 40
73 - 650
80 . - 720
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SANDOZ PLANT
RUN #1 ON THE 4000 LITER VESSEL
T-14B
Time OTT
(hours) K lett Units
16 125
19.75 180
23.25 250
33.75 350
38.75 490
43.75 630
47.75 680
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350 LITER PILOT PLANT RUN AT THE 
OAK RIDGE NATIONAL LABS
Time OD D.O. Cone- % A1r Flow Rate Agitation
(hours) K lett Units gH Saturation S.L.M. R.P.M.
0 186 6.9 180 130
7.75 350 6.9 - 180 130
10.50 400 6.65 - 180 130
13.75 510 6.6 - 180 130
15.50 580 6.6 - 180 130
20.50 1000 6.6 98+% 180 130
30.50 2300 6.6 89% 140 110
Reduced A1r and Agitation Control Foaming
33.50 4200 6.6 - 140 110
33.50 1100 6.6 - 140 115
36.25 1400 6.6 90% 140 115
38.75 1600 6.6 95% 140 115
39.25 mm 6.6 - 160 130
45 2500 6.6 85% 160 130
55 5500 6.6 82% 160 130
62.25 6000 6.6 86% i60 130
70 6200 6:6 - 160 i30
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